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Heterodyne  Characterization  of  High-Speed 
Photomixers  for  the  Ultraviolet 

Billy  Wayne  Mullins 

B.S.  Physics,  Angelo  State  University,  1978 
M.S.  Eng.  Physics,  Air  Force  Inst,  of  Technology,  1979 
Ph.D.  Physics,  Univ.  of  New  Mexico,  1989 

A  detailed  experimental  and  theoretical  investigation  of  high¬ 
speed  ph  itodiodes  is  presented.  Detector  geometries  included  both 

planar  and  interdigitated  designs  with  gap  widths  of  1.0,  3.0  and 

, 

4.5  iim.  Detailed  photomixing  measurements  were  performed  using  a 
ultraviolet  heterodyne  system  operating  at  334.5  xun.  Measurements 
included  frequency  response  to  10  GHz  as  a  function  of  beam  position, 
bias  and  optical  power.  Limited  measurements  were  made  to  18  GHz.  A 
detailed,  first  principles,  model  of  msm-photodiode  frequency  response 
including  carrier  drift  velocity,  diffusion,  recombination  and  beam 
position  is  derived.  Including  packaging  effects,  good  agreement  was 
found  between  the  experimental  results  and  the  model. 

A  unique  uv-heterodyne  characterization  system  was  assembled  and 
calibrated  for  absolute  responsivity ,  R(w) ,  from  d.c.  to  18  GHz.  The 
system  incorporated  a  single  frequency  Ar-ion  laser  uv  local  oscillator 
(334.5  nm)  and  a  frequency- doubled  dye  laser  signal  source.  Mode 
matching  optics  provided  a  spot  as  small  as  1.7  ^ra  (FWHM)  at  the 
detector  with  a  wavefront  matching  error  of  less  than  5%  calibrated 
against  single  laser  beam  dc  measurements.  An  rf-spectrum  analyzer  was 
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used  to  monitor  the  heterodyne  response.  The  rf -measurement  system 
response  was  calibrated  with  a  network  analyzer  and  the  data  corrected 
to  provide  accurate  detector/  package  measurements. 

The  detector  modeling  includes  the  most  detailed  evaluation  of  msm 
photodetector  frequency  response  presented  to  date.  The  model  proceeds 
from  a  modulated  point  source  excitation.  The  very  short  uv  absorption 
length,  ~  10  nm,  and  the  high  biases  (hence  short  transit  times)  imply 
negligible  diffusion  away  from  the  surface  and  permit  an  analytical  two- 
dimensional  solution  for  the  currents  under  the  assumption  of  a  uniform 
carrier  drift  velocity.  This  solution  is  numerically  integrated  to 
allow  for  actual  beam  dimensions. 

Planar- geometry  detectors  were  extensively  tested  and  the  results 
compared  with  the  model  to  frequencies  of  10  GHz.  The  inductance  of  the 
bonding  wire  between  the  detector  and  a  microstrip  transmission  line  was 
found  to  limit  the  overall  response.  Including  a  simple -pole  frequency 
response  to  model  this  inductive  effect,  good  agreement  for  the  detector 
response  as  a  function  of  beam  position  and  bias  was  found. 

Measurements  to  18  GHz  on  a  4.5-/im  gap  detector  were  also  in  good 
agreement  with  the  model  predictions.  With  a  properly  designed  rf 
package,  the  A.5-/im  planar  gap  geometry  should  yield  a  30%  quantum 
efficient,  21-GHz  bandwidth  detector.  For  a  l.O-yam  gap  geometry,  the 
model  predicts  a  75-GHz  bandwidth  Si  photodiode.  The  good  agreement 
with  the  model  also  indicates  that  the  charge  transport  processes  near 
the  Si  surface  are  comparable  with  bulk  properties. 

Low-frequency  gain,  as  seen  in  all  msm  photodiodes,  in  the 
detectors  were  compared  to  a  simple-pole  frequency  response.  The 
bandwidth  of  this  gain  mechanism  was  found  to  be  directly  related  to  the 
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drift  velocity  of  the  minority  carriers.  The  gain  amplitude  was  found 
to  be  related  to  the  minority  carrier  transit  time. 

The  planar  gap  geometries  were  compared  to  the  the  interdigitated 
detectors  of  equal  gap  dimensions.  R(w)  for  the  interdigitated  design 
was  less  sensitive  to  changes  in  beam  position  and  bias  than  the  planar 
design.  The  corners  of  the  interdigitated  electrodes  cause  a  locally 
higher  E- field,  increasing  the  carrier  drift  velocity.  Responsivity 
maps  the  active  region  of  both  planar  and  interdigitated  detectors 
showed  regions  of  very  high  responsivity  near  all  of  the  electrode 
corners  confirming  the  presence  of  locally  higher  E-fields.  These  maps 
also  showed  that  the  active  area  of  the  planar-gap  detectors  decreasing 
with  increasing  frequency.  The  interdigitated  detectors  showed  a 
decrease  in  active  area  going  from  d.c.  to  1  GHz,  but  remained  constant 
from  1  GHz  to  9  GHz.  The  decreased  sensitivity  in  R(u>)  and  the  constant 
active  area  at  rf  frequencies  of  the  interdigitated  design  indicate  that 
it  is  a  superior  detector  design  over  the  planar  geometry. 
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Chapter  1 
Introduction 


A.  Motivation 

Recent  interest  in  optical  communication  and  Doppler  laser  radar 
has  led  to  increased  research  on  very  fast,  highly  efficient 
photodetectors.  Advances  in  pico-  and  femto-second  laser  spectroscopy, 
in  the  near  IR  and  visible  spectral  regions,  have  led  to  an  improved 
understanding  of  the  time  evolution  of  many  atomic  and  molecular 
processes.  With  a  higher  probe  photon  energy,  this  research  can  be 
extended  to  the  physics  of  inner  atomic  shell  transitions  or  very 
tightly  bound  molecules,  for  example.  In  order  to  access  this  high- 
energy  spectral  region,  not  only  are  ultrafast  uv  laser  sources  needed, 
but  also  high-speed,  efficent  uv  photodetectors  are  required.  The 
advent  of  excimer  lasers  and  efficient  frequency  doubling  cyrstals  has 
opened  up  the  once  inexcessible  region  of  ultrafast  ultraviolet  laser 
spectroscopy.  In  many  areas,  the  present  research  trends  appear  to  be 
moving  towards  shorter  wavelengths  for  the  higher  resolution  or  higher 
photon  energies  available  with  uv  light. 

For  example,  a  shorter  wavelength  Doppler  laser -radar  system  would 
have  many  advantages  over  its  microwave  counterpart,  if  a  suitable 
detector  were  available.  To  make  an  effective  Doppler  laser  radar,  the 
system's  operational  wavelength  must  be  in  one  of  the  atmospheric 
transmission  windows.  An  acceptable  window  lies  between  350  nm  and 
250  nm.  Also,  the  system's  detector,  called  a  photomixer,  must  have  an 
acceptable  frequency  response,  noise  equivalent  power,  and  quantum 
efficiency.  A  realistic  upper  bound  for  the  maximum  frequency  shift  a 
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Doppler  laser  radar  would  have  to  detect  is  10  GHz .  This  corresponds  to 
a  closing  velocity  of  3.333  km/sec,  which  is  faster  than  present 
aircraft,  but  in  the  realm  of  rentery  speeds  of  low  earth  orbiting 
objects . 

In  response  to  this  push  for  faster  ultraviolet  detectors,  the 
Center  for  High  Technology  Materials  (CHTM)  is  developing  advanced 
ultraviolet  photomixers. 

The  main  thrust  of  this  research  was  to  study  the  limiting  physics 
of  very  fast  uv  photomixers.  In  particular,  this  research  program 
investigated  the  effects  of  incident  power,  biasing  potential,  and 
detector  geometry  on  the  limiting  frequency  response  characteristics  of 
the  photomixer.  Also  studied  was  the  detector  response  verses  beam 
position  on  the  detector  surface.  These  responsivity  maps  are 
correlated  to  the  applied  E- field  and  detector  geometry  and  with 
detector  performance. 

The  realm  of  uv-detector  characteristics  and  their  limiting 
physical  properties  is  basically  unexplored.  The  bulk  of  the  research 
on  fast  photodetectors  has  been  associated  with  developments  in  fiber 
optic  communications  and  has  been  concentrated  on  the  red  and  near  IR 
regions  of  the  spectrum.  At  these  wavelengths,  the  relativity  long 
absorption  lengths,  5  «  1.0  fim,  imply  that  the  bulk  properties  of  the 
detector  material  will  be  the  limiting  factors. 

By  shifting  to  uv  wavelengths,  the  absorption  length,  6,  is 
decreased  to  approximately  10  nra  and  is  relatively  material  independent. 
At  these  shallow  depths  in  the  crystal  the  surface  physics  of  the 
material  could  influence  detector  response.  Work  has  been  reported  on 
surface  trapping  and  recombination  at  wavelengths  as  short  as  600  nm. 
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However,  this  still  basically  probes  the  bulk  properties  since 
8  -  0.22  Hence,  any  work  looking  at  the  basic  properties  in  the  uv 

could  reveal  new  surface  physics  and  surface  carrier  dynamics. 

Another  region  of  interest  that  has  not  yet  been  adequately 
explored  is  the  correlation  between  temporal  and  frequency  domain 
measurements  on  the  same  detector.  Most  of  the  research  has  used 
Impulse,  autocorrelation,  or  correlation  response  to  test  their 
detectors,  with  a  few  papers  reporting  a  heterodyne  technique. 
Deconvolving  detector  frequency  response  from  impulse  measurements  is 
not  an  easy  or  well  understood  task.  Autocorrelation  measurement  avoids 
the  need  for  the  very  high  speed  electronics  involved  with  impulse 
measurements,  but  requires  that  the  detector  have  a  nonlinear  response 
to  beam  intensity  and  hence  is  useless  on  linear  detectors. 

A  detailed  photodiode  model  for  both  an  impulse  and  heterodyne 
input  signal  is  developed  from  basic  principles.  It  is  shown,  as 
required,  that  the  impulse  and  heterodyne  responses  of  the  detector  are 
a  Fourier  transform  pair.  The  model  is  extensively  compared  to 
experimental  data  out  to  10  GHz.  Some  comparision  is  also  made  out  to 
18  GHz.  Finally,  a  comparision  of  photovoltaic  and  photoconduct ive 
detection  is  presented.  This  is  done  in  order  to  clarify  what  appears 
to  be  some  confusion  in  the  open  literature  between  these  detection 
mechanisms . 

B .  Backgrotind 

There  has  been  extensive  work  to  develop  high-speed,  low-noise 
photodetectors  in  the  0.8  -  l.S-^^m  wavelength  range  for  use  in  optical 
communication  systems. Two  general  device  design  types  have  been 
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developed,  these  being  either  vertical  p-i-n®*^*’®^  or  planar 
interdigitated^®'^®'**’®**'®^"®*  geometries.  Device  materials  tested 
range  from  si®®*®®'®^'®®**^  and  InGaAs®'®’^^'^®’®®  to  strained-layer 
superlattices® ^  ,  to  name  the  most  predominant  materials.  In  the  near 
infrared  region  some  very  fast,  highly  responsive  detectors  have  been 
fabricated.  Frequency  responses  up  to  67  GHz^®  and  quantum  efficiencies 
of  greater  than  3000%  (a  gain  of  35)®  have  been  reported  for  p-i-n 
devices,  but  not  on  the  same  detector.  The  fastest  interdigitated 
design  has  a  105  Ghz  frequency  response, ^^'^®  with  the  best  quantum 
efficiency  being  2500%  (a  20  db  gain  with  a  base  25%  quantum 
efficiency)®®,  again  not  on  the  same  detector. 

Detector  frequency  response  has  generally  been  evaluated  from 
measurements  of  detector  impulse  or  autocorrelation  response.  To 
determine  the  temporal,  and  hence  frequency,  response  from  impulse 
measurements  the  impulse  response  of  the  sampling  electronics, 
amplifier,  connecting  cables,  etc.  must  be  deconvolved  from  the  impulse 
data  to  obtain  the  true  temporal  response  of  the  detector.  This  process 
is  not  that  well  understood.  Also,  until  very  recently  (within  the  last 
year)  the  upper  limit  on  commercially  availble  oscilloscopes  used  to 
measure  the  impulse  response  was  1  GHz,  or  160  psec.  Sampling  heads 
could  move  this  upper  frequency  limit  out  to  about  3  GHz  or  50  psec. 
These  frequencies/speeds  are  to  low/slow  to  be  of  value  in  state-of-the- 
art  high-speed  detector  research.  Autocorrelation  measurements  avoid 
this  problem.  However,  there  is  significant  uncertainty  in  the 
determination  of  the  impulse  response  from  the  autocorrelation  signal. 
Sala,  et.  al.®®  have  analytically  derived  the  autocorrelation  functions 
for  pulses  with  different  temporal  intensity  profiles.  From  these 
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results  they  determined  the  FWHM  point  in  time  for  the  initial  pulse  and 
the  autocorrelation  signal  of  an  infinitly  fast  detector,  t^  and  t^, 
respectively.  They  found  that  the  ratio  was  highly  dependent  upon 

the  actual  temporal  profile  of  the  incident  pulse  varying  by  up  to  a 
factor  of  2.5  for  different  pulse  shapes.  Hence,  an  autocorrelation 
measurement  has  some  built-in  unknowns  unless  the  true  beam  profile  is 
constant  known  and  remains  constant  from  pulse  to  pulse.  Most  papers 
do  not  report  on  how  this  problem  was  handled  in  their  autocorrelation 
analysis,  while  some  just  take  a  "conservative  estimate  of  1.5".^^ 

True  frequency  response  curves  can  be  obtained  via  a  heterodyne 
technique.  As  demonstrated  below,  these  frequency  response  measurements 
give  considerably  more  detailed  information  than  does  a  temporal 
response  measurement.  In  the  0.8  to  1.3-/im  wavelength  region,  only 
three  papers  have  reported  detector  frequency  responses  measured  in  the 
frequency  domain  via  a  he  terodyne  technique . 2  » <  3  « -  <  * 

An  extensive  literature  search  revealed  very  little  uv  detector 
work.  High-speed  uv  detectors  have  been  attempted  using  vertical 
Schottky  barrier’^,  planar  interdigitated  Schottky  barrier^^ •*° ,  Si  p-n 
junction*®,  and  vertical  p-i-n  with  a  thin  p-layer*^  designs  with  only 
moderate  success.  The  most  promising  design  was  the  planar 
interdigitated  Schottky  barrier  which  had  an  overall  quantum  efficiency 
of  12%  at  337  nm  and  a  frequency  response  of  5.3  GHz  at  =  800  nm.”*® 
However,  since  this  wavelength,  800  nm,  will  penetrate  approximately  100 
times  further  into  the  material  than  uv  wavelengths,  this  detector's 
frequency  characteristics  were  probably  determined  more  by  the  bulk 
properties  than  its  surface  characteristics.  Also,  no  reports  where 
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found  th.at  had  made  any  picosecond  impulse,  autocorrelation,  or 
heterodjme  response  measurements  at  uv  wavelengths. 

C.  Reported  MSM  Detector  Properties 

Due  to  the  ease  of  fabrication  and  previously  reported  uv 
response,  the  detector  design  chosen  for  this  study  was  a  planar,  back- 
to-back  Schottky  photodiode.  The  detector  consists  of  tv'o  metal  pads  on 
a  semiconductor  surface  comprising  a  metal -semiconductor -metal  (msm) 
diode.  The  exposed  semiconductor,  between  the  metal  pads,  can  be  fully 
depleted  by  an  appropriate  applied  bias.  This  depleted  region  is  the 
pnotosensitive  region  of  the  diode  and  the  high  applied  fields  result  in 
very  fast  drift  velocities  of  the  charge  carriers.  The  direct  access  to 
the  depletion  region  by  uv  photons  avoids  the  short  absorption  length 
problem  inherent  in  other  designs. 

MSM  devices  have  been  fabricated  in  a  number  of  metalization 
geometries,  with  the  predominant  design  being  interdigitated  metal 
fingers.  Both  photovoltaic  and  photoconductive  devices  have  been  made 
and  tested.  A  photovoltaic  device  will  have  one  Schottky  barrier  diode 
under  reverse  bias.  This  barrier  is  sufficient  to  prevent 
photoconductive  gain  and  these  detectors  are  usually  very  fast  and 
highly  responsive . A  photoconductive  detector  will  have 
either  both  contacts  ohmic*®’^^'®®’®®’®* ,  or  one  ohmic  contact  and  one 
forward-biased  Schottky  diode  contact.^®  The  photoconductor  is 
generally  recombination  lifetime  limited.  This  is  because  when  a 
minority  carrier  exits  one  side  of  the  photoconductor  another  minority 
carrier  easily  enters  the  semiconductor  on  the  other  side  of  the  device. 
Thus,  charge  exits  one  side,  the  current  due  to  this  charge  travels 
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around  the  circuit,  and  a  like  charge  enters  the  semiconductor  on  the 
other  side  of  the  device.  This  round  trip  phenomenon  is  the 
photoconductive  gain  mechanism  since  a  single  electron-hole  pair, 
generated  by  a  single  photon,  results  in  several  times  the  current 
corresponding  to  a  single  charge  in  the  external  circuit.  This  round 
trip  phenomena  continues  until  the  minority  carrier 

recombines.  High  speed  operation  has  been  observed  in 

photoconductors,  but  always  at  the  expense  of  sensitivity.  High-speed 
operation  is  achieved  by  reduction  of  the  recombination  lifetime, 
usually  by  ion- implantation  of  the  depletion  region.®®’®®-®® 
Recombination  lifetimes  as  short  as  2-3  psec  have  been  reported.®®’®® 
However,  the  measured  mobility  in  these  detectors  drops  drastically,  250 
cm® /Vs  for  Si®®  and  100  cm®/Vs  in  InGaAs,®*  Not  surprisingly,  the 
quantum  efficiencies  of  these  detectors  are  very  low,  ranging  from 
0.11%®®  to  as  low  as  1.48  x  10*®%.®® 

In  the  ultraviolet,  where  for  a  given  input  intensity  the  photon 
number  is  reduced  compared  with  visible  and  near-IR  spectral  regions,  a 
low  efficiency  detector  is  very  unattractive.  The  more  efficient 
photovoltaic  detector,  which  is  transit-time  limited,  seems  a  better 
choice  when  a  small  input  signal  is  expected.  There  has  been  much 
attention  in  calculating  the  electric  fields  in  these 
structures.®®’®®’®®’®®  The  theoretical  work  is  entirely  comprised  of 
numerical  solutions  to  several  partial  differential  equations  to  arrive 
at  the  electric  field  in  the  semiconductor.  Unfortunately,  in  each 
case,  the  msm  detector  geometry  has  been  simplified  to  semi- infinite 
coplanar  pads,  i.e.  fringing  effects  have  been  neglected.  Under  this 
assiimption,  there  is  no  need  to  resort  to  a  numerical  approach,  the 
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analytical  solution  to  this  problem  has  been  available  since  at  least 
1944.®^  However,  once  the  fields  in  the  detector  are  known,  then  the 
current  from,  say  an  IR  source,  must  be  calculated  numerically,  since  a 
closed  analytical  solution  for  the  current  can  not  be  obtained.  At 
ultraviolet  wavelengths,  however,  the  very  short  penetration  depths 
allow  some  approximations  that  permit  for  an  analytical  solution  for  the 
charge  density,  current  density,  and  external  current.  These  are 
derived  in  the  next  chapter. 

One  common  phenomenon  is  seen  in  all  of  the  photovoltaic  msm 
devices  reviewed.  They  all  show  a  high  quantum  efficiency,  >100%,  at 
low  frequency.  Some  explanations  have  been  put 

forth,  but  no  definitive  analytic  models  have  been  published.  This 
phenomenon  is  seen  in  the  devices  tested  in  this  study. 

D.  Detector  Fabrication 

The  detectors  used  in  this  work  were  those  fabricated  in  the  CHTM 
facilities  as  part  of  this  detector  development  program.  These 
detectors  have  been  fabricated  by  S.  F.  Soares  as  part  of  his 
dissertation.*®  The  detectors  are  all  metal-semiconductor-metal,  back- 
to-back  Schottky  diodes  with  two  basic  metallization  geometries,  planar 
and  interdigitated.  (Fig.  1)  The  most  extensively  evaluated  set  of 
detectors  used  Ni  electrodes  on  a  Si  substrate  with  an  Si02  dielectric 
isolation  layer.  The  Ni  pads  are  connected  to  chrome -gold  bonding 
pads. (Fig.  2)  The  detector  is  then  mounted  in  a  high-speed  microstrip 
waveguide  package  designed  for  a  50-3  transmission  impedance . (Fig.  3) 
Additional  detectors  were  fabricated  on  GaAs  to  investigate  any 
substrate  material  dependence. 
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E.  Dissertation  Contents  Summary 

In  the  next  chapter,  a  detailed  theoretical  model,  starting  from 
basic  principles,  is  derived.  This  model  incorperates  diffusion, 
recombination,  charge  carrier  drift,  beam  position,  and  beam  intensity 
distribution  across  the  detector.  This  model  is  the  most  rigourous  and 
detailed  analytical  treatment  of  the  msm  photodiode  frequency  response 
available  and  is  a  significant  extension  of  previous  models  .  ^ ^ °  ^  ® 

This  model  is  extensively  compared  to  data  in  the  5  to  10-GHz  frequency 
range  to  avoid  the  low-frequency  gain  region  previously  mentioned. 

The  data  was  collected  using  the  calibrated  uv  heterodyne  system 
described  in  detail  in  Chapter  III.  The  hardware  and  calibration 
procedures  are  discussed  extensively.  Also  presented  are  the  alignment 
procedures  and  some  initial  results  on  day-to-day  reproducibility. 

Chapter  IV  presents  the  detailed  results  of  tests  performed  on 
several  detectors.  It  is  shown  that  the  rf  package  used  to  mount  the 
detector  was  the  limiting  high-frequency  component  in  the  system.  The 
standard  wire  bonding  technique  used  in  the  package  presents  a  series 
inductance.  This  small  inductance  results  in  a  simple  L/R  circuit 
response  that  was  found  to  be  the  predominant  effect  in  the  high- 
frequency  response  data.  This  limited  the  comparison  of  data  to  theory. 
However,  the  L/R  response  could  not  account  for  changes  in  the  response 
curves  with  respect  to  bias  and  beam  position.  A  combination  of  the 
theoretical  model  and  the  L/R  circuit  response  was  able  to  fit  the  high- 
frequency  data  quite  adequately.  An  extension  of  the  frequency  response 
data  to  18  GHz  is  shown  for  one  detector.  It  is  shown  that  a  A.5-/im  gap 
detector,  with  a  properly  designed  rf  package,  with  a  21-GHz  bandwidth 
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and  a  30%  rf  quantum  efficiency,  can  be  fabricated  on  bulk  Si  which  is 
in  agreement  with  the  detector  model  in  Chapter  II.  The  model  predicts 
that  a  1.0-/im  gap  detector  would  have  a  75-GHz  bandwidth.  The 
comparison  of  the  model  with  data  indicates  that  charge  transport  near 
the  surface  of  Si  is  identical  to  transport  in  the  bulk. 

Finally,  the  low-frequency  gain  of  these  detectors  has  been 
investigated.  A  correlation  of  the  bandwidth  and  gain  with  bias  and 
beam  position  is  made  for  this  low-frequency  behaivor. 
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Figure  1:  MSM  detector  geometries. 


All  are  Ni-on-Si,  metal-semiconductor-metal  (M-S-M) 

back— to— back  Schottky  diodes  with  var3dng  metallization 
geometries. 

Gap 

Dimensions 

Planar  (3  /zm)  2  Interdigitated  ( 1  /xm) 


Planar  geometry  is  chosen  due  to  short  absorbtion  lengths  in  the 
uv,  approx  10  nm,  for  semiconductors  in  general.  Planar  geometry 
allows  direct  acces  to  the  photosensitive  area.. 

Detector  pads  are  10  yum  X  20  yum  with  75  yum  X  75um  bonding  pads. 
Impl3nng  that  RC  is  much  less  than  5.1  psec  (31  GHz). 
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Chapter  II 


Theory 


A.  Introduction 

In  this  chapter  the  theory  of  heterod3me  detection  is  presented. 
The  theory  of  heterodyne,  or  coherent,  detection  for  an  ideal 
photodetector  is  reviewed,  as  is  the  theory  of  charge  transport  in  a 
metal-semlconductor-metal  diode.  Under  the  assumption  that  the  drift 
velocities  of  the  charge  carriers  are  constant  in  a  metal-semiconductor- 
metal  diode,  the  current  in  the  external  circuit  is  derived  for  both  an 
Impulse  and  a  constant  frequency  heterodyne  source.  It  is  also  shown 
that  these  two  results  are  just  a  Fourier  transform  pair,  as  expected. 

If  a  detector's  frequency  response  is  transit  time  limited  by  the 
carrier's  drift  velocity  across  the  semiconductor  gap,  then  the  upper - 
bound  frequency  response  is  the  gap  dimension  divided  by  the  drift 
velocity.  For  a  4.5,  3.0  and  1.0  nm  gap  detector  and  a  drift  velocity 
of  10^  cm/sec,  the  upper  bound  frequency  response  is  3.5,  5.3,  and  16 
GHz,  respectively,  by  this  simple  transit  time  argument.  A  more 
rigorous  model  presented  in  this  chapter  predicts  that  the  bandwidths 
for  the  4.5,  3.0  and  1.0-/im  gap  detectors  are  21,  31  and  75  GHz, 
respectively.  Finally,  rf-packaging  limitations  are  discussed  and  some 
theoretical  predictions  of  detector  performance  are  made. 

B.  Heterodyne  Signal 

Heterodjme  detection  at  optical  frequencies  was  first  achieved  by 
Forrester,  et  al',  in  1955.  A  rigorous  quantum  mechanical  treatment  of 
heterodyne  detection  was  derived  by  Teich^  in  1969.  More  recently,  the 


theory  of  heterodyne  detection  has  been  reviewed  by  Kingston^.  The 
development  presented  here  will  closely  follow  that  of  Kingston  with 
some  additional  detail  presented. 
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A  heterodyne  system  consists  of  a  signal  source  and  a  local 
oscillator,  denoted  by  subscripts  S  and  LO,  respectively.  Standard 
heterodyne  systems  are  set  up  such  that  the  local  oscillator  power, 
is  much  greater  than  the  signal  power,  Pg.  By  driving  the  detector  with 
a  sufficiently  high  the  shot  noise  in  the  detector  becomes 
significant.  The  shot  noise  power,  resulting  from  the  dc 

photocurrent  produced  by  the  local  oscillator,  ij^^,  in  a  semiconductor 
photodiode  is  given  by® 

Nshot  “  (Watts) 


where  B  is  the  bandwidth  of  the  sampling  electronics,  and  R  is  the  50- 
ohm  termination  resistor  of  the  electronics.  The  shot  noise  is  the 
noise  source  arising  from  the  discreteness  of  the  charge  in  the  current. 
These  discrete  charges  obey  Poisson  statistics  and  the  shot  noise  power 
is  given  by  the  above  equation.  Given  a  1-MHz  bandwidth  and  a  1-mA 
photocurrent,  then  is  -75  dbm.  The  thermal  noise  power,  from 

this  detector  is® 


N 


TH 


-  kTB 


(2) 


where  k  is  Boltzman's  constant,  and  T  is  the  temperature  of  the  detector 
in  degrees  Kelvin.  Thermal  noise,  as  used  here,  is  the  noise  source 
arising  from  the  thermal  excitement  of  free  charges  inside  of  a 
resistor.  At  room  temperature,  the  thermal  noise  for  a  1-MHz  bandwidth 
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is  -114  dbm.  The  magnitude  of  needed  for  the  shot  noise  to  equal 
the  thermal  noise  is  approximately  249  /lA.  Hence,  by  driving  the 
detector  hard  enough  with  the  local  oscillator,  the  system  noise  can  be 
dominated  by  the  shot  noise.  Thus,  the  current,  i^^^,  must  be  known  and 
is  now  derived. 

Start  by  considering  the  two  E-fields  incident  upon  the  detector; 


ELo(x,y,t)  -  Re{  Ej^Q(x,y)exp[ iWj^t]  ),  and 
EgCx.y.t)  -  Re{  Eg(x,y)exp[iwgt)  )  . 

The  tot:'l  field,  Ej,  incident  upon  the  detector  is 


(3) 


Ej(x,y,t)  -  Ej^(x,y.t)  +  E^ix,y,t) 

(4) 

and  the  differential  injection  current,  di,  produced  by  this  field  in 
the  detector  is 
qrjce^ 

di  -  -  Re{  Ej^(x,y)exp[iwj^t]  + 

2 

Eg(x,y)exp[iwgt]  )  dxdy 

(5) 

where  q  is  the  detector  quantum  efficiency,  q  the  unit  of  charge,  the 
dielectric  constant  of  free  space,  and  c  the  speed  of  light.  Assuming 
Wg  »  then  ®  good  approximation  for  the  energy  per  photon  for 

either  the  signal  or  local  oscillator  beams.  Evaluating  di  gives 


di 


- 1  lEgpcos^Cwgt)  + 


2Ej^'Eg  cos(Wj^gt)cos(e.>5t)  )dxdy 


(6) 
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which  can  be  written  as 


di  - 


fiu, 


{  h|Ej^Q|2[l  +  cos(2«Lot)]  + 


LO 


h|Bj2[l  +  cos(2u>gt)]  + 

®Lo'®S  fcOS((WLO  + 

cos((a)j^  -  Wg)t)]  )dxdy 


(7) 


Several  terms  in  the  above  equation  can  now  be  identified.  The  hE'^ 
terms  are  the  differential  d.c.  photocurrents,  di^^  and  dig,  due  to  the 
local  oscillator  and  signal,  respectively.  The  two  cos(2a)t)  terms  and 
the  cos((Wj^Q  +  Wg)t)  term  are  at  twice  the  optical  frequency, 

»  2  X  10^®  Hz  for  uv  light,  well  above  the  frequency  response  of  the 
detector  and  can  be  ignored.  The  remaining  cos(Awt)  term, 
hw  ■  heterodyne  signal.  By  tuning  Wg  to  be  close  to 

Wj_g,  a  radio  frequency  differential  injection  current,  dij^,  is 
introduced  in  the  detector  and. 


qf;«oC 

di - (  +  hjEgp  + 

Ej^g’Eg  cos(Awt)  )dxdy 

(8) 


Now  the  power  in  either  of  the  beams  is 


+00 


P  -  c 

O 


I E(x,y) I ^  dxdy 


(9) 
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and  the  total  injection  current  in  the  detector,  assuming  that  rj  is  not 
a  function  of  x  and  y  (>?  »*  f(x,y)),  and  that  the  detector  collects  all 
of  the  incident  beam,  is. 


i  - 


di  - 


tiw. 


LO 


-Ha 


C 

o 


+  lEgpjdxdy 


+00 


■  A 

)  E  •] 

'  LO 

«  • 


c«^cos (Awt) j I  E,„‘Bg  dxdy 


which  become? 


q»/ 


i  - 


fiu, 


LO 


+00 


<^L0  +  C£^COS(Awt) 


®Lo‘®s 


(10) 


(11) 


The  first  term  is  just  the  dc  injection  photocurrent;  hence,  the  dc 
quantum  efficiency  is 


''dc  “ 


i  f2<j  i  hu) 

^DC  LO  DC  "'"lo 


<Plo  +  Ps)  ‘I 


Plo  q 


(12) 


assioming  that  »  Pg,  The  radio  frequency  heterodyne  injection 
current,  ij^y,  is 

-Ha 

®Lo'®s 


qr,€^c 

-  -  cos(Awt) 


(13) 
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Note  that  is  proportional  to  demonstrating  that  the  "mixing" 

of  the  two  beams  is  important.  It  is  important  to  note  here,  that 
present  models  equate  the  injection  current  with  the  current  in  the 
external  circuit,  which  is  not  true  in  general.  Carrier  diffusion  and 
recombination,  along  with  beam  position  and  intensity  profile,  will  in 
general  reduce  the  current  in  the  external  circuit  while  the  injection 
current  remains  constant.  These  effects  will  be  discuss  in  great  detail 
later  in  this  chapter.  Nevertheless,  continuing  with  Kingston's 
approach,  multiply  the  square  of  ij^^  by  unity  to  get 


i  2  . 
RT 


q^n^ 


h^w  2 
"to 


C€  COs2(Awt)  X 


+<o 


*fao 


«fOD 


-Ho 


■Ho 


B,.|2dxdy 


|B  pdxdy 


Bujl^dxdy 


(B  j^dxdy 


(1^) 


The  mixing  efficiency,  m,  is  defined  as 


■Ho 


®Lo'®s 


m 


-Ho 


■Ho 


iB-pdxdy 


•  00 


(15) 
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which  is,  provided  tj^  ft  f(x,y),  identical  to  Kingston's  expression  for 
the  mixing  efficiency®.  Thus,  Eqn  13,  can  be  written  as 

Irp^ - cos2(Awt)-m-PLoPg 


Now,  the  rf-spectrum  analyzer,  used  in  these  experimental  measurements, 
actually  measures  the  rf  power.  Under  the  assumption  that  the  injection 
current  is  equal  to  the  external  circuit  current,  the  rf  power,  Pj^,  is 
given  by 

^RF  ” 

(17) 


where  Rg^  is  the  50-0  input  impedance  of  the  spectrum  analyzer.  The 
time  average  rf  injection  current  is  given  by 


Aqa^jiy^  m'Pj^PgAw 
2x 


Jcos*(Awt)  dt 
0 


(18) 


and 


qn 


RF 


fiu, 


•■[2raPj^Ps] 


1/2 


LO 


(19) 
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and  if  m  «  1,  then 


'^RF 


(20) 


Having  derived  the  rf -quantum  efficiency,  the  mixing  efficiency, 
m,  is  now  considered.  The  denominator  of  m  can  easily  be  reduced  to 


m 


+« 


®Lo‘®s 


4P  P 


(21) 


Now,  assume  two  Gaussian  beams  of  equal  beam  widths,  w,  comprising  the 
local  oscillator  and  signal  beams.  The  x-y  plane  is  chosen  to 
correspond  to  the  surface  of  the  detector  and  the  local  oscillator  beam 
is  normally  incident  upon  the  surface.  The  signal  beam  is  tilted  with 
respect  to  the  local  oscillator  beam  with  the  the  axis  of  rotation  being 
about  the  y-axis  (Fig  4).  The  local  oscillator  is  travelling  along  the 
z-axis  and  the  signal  beam  is  traveling  along  the  z'-axis,  and  6  is  the 
angle  of  tilt  between  the  two  directions  of  propagation.  Writing  down 
and  Eg  for  the  described  geometry  one  finds 

Ej^g  -  Re{Ej^Q-exp(-(x2+y2)/w2]-exp[i(zkj^Q  -  Wj^gt)])-i 
Eg  -  Re{E3-exp[-(x'*+y'2)/w2]-exp[i(z'kg  -  03t)])-i' 

(22) 
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Then  rotating  the  primed  Into  the  unprlmed  coordinates  by® 
x'  -  XCOS0  +  zsintf 

y'  “  y 

z'  -  -xsintf  +  zcosd 


(23) 


one  obtains,  combining  Eqns  22  and  23: 

®L0  ®s  “  exp[-2y2/w*]  exp[-x2(l+cos2^)/w2]  x 

cos (k-Xsintf+Aut) 

(24) 

which,  integrated  over  all  x  and  y,  leads  to 


+«o 


®Lo'®s  ~ 


EloEs 


cosS 
4  (l+cos2S]i^2 


exp 


•kg®w*sin^5 


4(l+cos2«) 


cos(Au>t) 


(25) 


which  leads  to  an  expression  for  m  as 


m 


2cos’tf 


[l+cos^tf ] 


exp 


-kg^w^sin^tf 
2(l+cos2tf ) 


(26) 


The  dominant  teim  in  the  above  expression  for  small  6  is  the  exponencal. 
Its  argument  clearly  shows  that  the  relationship  between  the  wavelength, 
beam  spotsize,  and  tilt  is  very  important.  Plots  of  m  versus  tilt  are 
shown  in  Figure  5  for  three  different  spotsizes.  Note  the  change  in 
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scale  of  the  tilt  axis  as  the  spotslze  Increases.  This  Is  because  the 
amount  of  tilt  needed  for  a  ir  phase  shift  between  the  two  beams  is  less 
with  a  larger  spot,  than  with  a  smaller  one.  If  an  experiment  could 
always  be  performed  with  a  small  spotsize,  then  the  tilt  in  the  beam 
would  not  be  of  great  consequence.  This,  however,  is  impractical  and 
minimizing  the  amount  of  tilt  as  much  as  possible  is  desired  and  beam 
alignment  is  of  paramount  importance.  The  mixing  efficiency  at  a  given 
tilt  is  tabulated  in  Table  1  for  a  100  pm  e**  radius  beam.  The  tilt  of 
3345  prad  corresponds  to  the  value  of  the  wavelength  divided  by  the 
spotslze.  This  amount  of  tilt  produces  a  1-k  phase  shift  across  the  beam 
radius,  and  the  Integrated  rf  power  at  the  detector  is  nearly  zero. 

The  signal-to-noise  ratio  of  a  heterodyne  measurement  is  now 
considered.  The  heterodyne  signal  power  is  given  in  Eqn  18  and  can  be 
written  as 


i  ’  - 


2q2r7_  * 


'RF 


(Ko)^ 


Plot’s 


(27) 


The  shot  noise  from  a  semiconductor  photodiode  has  been  given  above  as 


-  ^qiroB 


(28) 


where  B  is  the  bandwidth  of  the  sampling  electronics  and  i^^^  is  the  d.c. 
photocurrent  out  of  the  detector,  given  by 


^LO  "  '?dcPlo'<‘J/*"lo) 


LO'' 


(29) 


It  is  assumed  that  the  shot  noise  is  the  predominant  noise  source.  It 
has  been  shown  above  that  can  be  increased  until  the  shot  noise  due 
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to  the  local  oscillator  dominates  all  other  noise  sources.  At  this 
point,  it  is  assumed  that  the  dc  quantum  efficiency  of  the  detector  is 
not  equal  to  tne  rf  quantum  efficiency  .  Then,  the  power  signal-to- 
nolse  ratio,  S/N,  is  given  by 

2q^»jRr^“PL0^s 

S/N - 

i^2  4/i2w2qi^B 

(30) 


then  from  Eqn  29 


2»Jdc®*“lo 


(31) 


For  a  typical  bandwidth  of  10  GHz,  and  -  5.94  x  10 "i®  J 
(A  ■  334.5  nm) ,  then  for  an  unity  signal  to  noise  ratio  and  assuming 
»7dc  "  ®  “  1.  Pg  nW.  Reducing  the  bandwidth  to  1  MHz,  a 

signal  power  of  1.2  pW  will  be  sufficient  to  produce  a  unity  signal-to- 
noise  ratio.  Contrast  this  with  direct  detection  operation  that  is 
thermal  or  Johnson  noise  limited.  Johnson  noise  arises  from  the 
fluctuation  in  the  resistivity  of  the  terminating  resistor  of  the 
electronics  due  to  thermal  heating.  Johnson  noise  is  related,  but  not 
identical  to  thermal  noise.  For  an  unity  signal-to-noise  ratio  the 
above  beam  would  need  3.4  pW  of  incident  power  in  the  case  of  a  thermal 
noise  limit.  This  assumes  a  kTB  -  -74  dbm  thermal  noise  source  (300  K 
and  a  10  GHz  bandwidth).  If  the  detector  is  Johnson  noise  limited,  then 
68  nW  of  signal  power  is  needed  for  a  unity  signal-to-noise  ratio. 
Clearly,  the  heterodyne  detection  will  give  a  very  large  signal-to-noise 
ratio  for  even  a  microwatt  of  signal  beam  power  on  the  detector. 
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Thus  It  has  been  shown  that,  with  good  mutual  beam  alignment, 
there  will  be  a  sinusoidal  photocurrent  superimposed  on  top  of  the  dc 
photocurrent  in  a  heterodyne  detection  experiment.  The  dc  and  rf 
quantum  efficiencies  have  been  derived  and  lastly  it  has  been  shown  that 
heterodyne  measurements  can  give  a  very  large  signal- to-noise  ratio  for 
a  small  signal  power. 

C.  Metal-Semiconductor-Metal  Photodiode 

Having  derived  the  source  term  for  charge  carriers,  the  photodiode 
structure  used  to  detect  the  light  signal  is  now  considered. 

At  uv  wavelengths,  the  absorption  depth  in  all  semiconductors  is 
approximately  10  nm^ .  Hence,  for  high  speed  and  maximum  responsivity , 
the  photodetective  area  must  be  directly  illuminated  by  the  uv  light. 
This  obviates  the  use  of  a  p-i-n  structure,  since  all  of  the  incident  uv 
radiation  would  be  absorbed  in  the  top  layer,  and  not  in  the  intrinsic 
region  required  for  operation  of  the  p-i-n  detector.  Hence,  a  p-i-n 
device  is  diffusion  limited  as  a  result  of  the  short  absorption  depth  of 
the  ultraviolet  light  in  the  top  layer. 

A  very  simple  photodiode  that  has  the  depletion  region  on  the 
surface  of  the  semiconductor  is  a  metal-semiconductor-metal  back-to-back 
Schottky  diode.  Two  parallel  metal  pads  of  equal  dimension  and 
composition  are  deposited  on  the  surface  of  a  semiconductor.  A  gap 
region  between  the  pads  allows  for  direct  illumination  of  the 
semiconductor,  making  up  the  photodiode.  The  doping  for  the  diodes  used 
in  this  study  is  n-type  with  a  concentration  of  approximately 
10'*’^  ♦  cm**. 
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The  basic  theory  of  the  metal-semlconductor-metal ,  msm,  diode  has 
been  developed  by  Sze  et  al*  for  plane  parallel  metal  pads  sandwiching 
the  semiconductor.  This  geometry  Is  somewhat  different  than  the 
detector  design  used  in  this  study.  However,  it  will  be  shown  in  the 
next  section  that  the  difference  between  the  two  designs  can  be  made 
negligible. 

Sze  has  calculated  depletion  widths,  conduction  and  valence  band 
curvatures,  and  leakage  currents  as  a  function  of  bias  voltage, 
electrode  spacing,  temperature,  and  doping  density.  This  section  will 
review  the  parts  of  Sze's  msm  theory  that  pertain  to  high-speed 
heterodyne  detection.  At  the  heart  of  the  basic  operation  of  any 
photodiode  is  the  transport  of  carriers  inside  the  semiconductor.  For 
high-speed  detection,  the  predominant  transport  mechanism  is  drift  under 
the  influence  of  an  externally  applied  field.  To  understand  carrier 
drift  velocities,  it  is  necessary  to  consider  the  conduction  and  valence 
band  structure  of  a  simple,  vertical-geometry  msm  diode  (Fig.  6). 

Figure  7  shows  the  msm  band  stucture  for  a  n-type  semiconductor  at  three 
bias  conditions. 

Figure  7a  is  the  unbiased  case.  At  thermal  equilibrium  the  Fermi 
levels  of  the  metal  and  semiconductor  must  be  equal.  If  there  were  no 
defect  states  at  the  metal -semiconductor  interface  then  the  band 
structure  near  the  interface  would  be  controlled  by  the  work  functions 
of  the  metal  and  the  semiconductor.  However,  the  existence  of  surface 
defect  states  in  materials  such  as  GaAs  causes  the  Fermi  level  to  be  at 
mid- gap  at  the  interface.  This  causes  free  carriers  in  the 
semiconductor  to  move  in  order  that  the  Fermi  levels  coincide  at  the 
interface,  thus  the  semiconductor  bands  bend  near  the  surface.  This 
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band  bending  produces  a  built* In  field  near  the  Interface.  Away  from 
the  interface,  the  free  carriers  do  not  have  to  move  as  much  as  they  do 
at  the  interface  and  the  semiconductor  bands  return  to  their  normal  bulk 
levels.  One  interesting  point  should  be  noticed.  In  the  flat  central 
region  the  flow  of  carriers  is  entirely  by  diffusion.  If  a  point  source 
of  light  is  incident  upon  the  detector  near  the  center  of  the  device, 
the  charge  carriers  will  diffuse  radially  and  symmetrically  outward.  If 
the  point  source  is  at  the  exact  center  of  the  device,  then  the  net 
current  in  both  directions  is  equal  and  no  external  current  will  be 
measured.  Displacing  the  point  source  from  the  center,  however,  causes 
more  charge  to  be  flowing  on  one  side  of  the  device  than  the  other 
producing  a  net  current  in  the  external  circuit.  Hence,  these  devices 
might  prove  to  be  a  sensitive  position  sensor. 

Figure  7b  shows  the  band  structure  at  what  Sze  calls  the  "reach- 
through"  voltage,  Vjjj.  Simply,  Vj^j  is  the  minimum  bias  at  which  the 
semiconductor  is  fully  depleted.  A  semiconductor  is  defined  to  be  fully 
depleted  when  all  of  the  free  carriers  have  been  swept  out  and  the 
charge  in  the  semiconductor  is  just  due  to  ionized- impurity  atoms.  Even 
though  the  gap  between  the  electrodes  is  fully  depleted  at  V__,  the  band 
structure  shows  that  the  electrons  in  the  conduction  band  will  reach  a 
minimum  energy  prior  to  being  collected  by  the  positive  electrode.  This 
is  not  a  desirable  condition  for  high-speed  operation  of  a  photodiode 
since  carriers  at  the  energy  minimum  move  only  by  diffusion. 

Increasing  the  applied  voltage  further,  the  diode  finally  reaches 
the  "flat-band"  voltage,  shown  in  Figure  7c.  The  "flat-band" 

voltage  is  defined  by  Sze  as  the  minimum  bias  at  which  the  depletion 
region  due  to  the  cathode  reaches  across  the  gap  region  to  the  anode . 
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At  this  point,  the  minimum  energy  in  the  charge  carriers  is  located  at 
the  metal -semiconductor  interface.  If  the  bias  is  increased  further, 
the  amount  of  curvature  in  the  bands  will  decrease,  implying  a  more 
uniform  drift  velocity  of  the  charge  carriers  between  the  electrodes . 
Therefore,  it  is  easily  seen  that  the  minimum  bias  across  the  detector 
for  high-speed  photodetection  is  the  "flat-band"  voltage.  Using  Gauss' 
Law,  an  expression  can  easily  be  derived  for  V_  as® 


V 


FB 


qN„L2 


(32) 


where  q  is  the  unit  of  charge,  is  the  doping  density  of  the 
semiconductor,  is  the  permittivity  of  the  semiconductor,  and  L  is  the 
gap  distance  between  electrodes.  For  Si  doped  at  2xlC'*’i^  cm'®,  aud 
electrode  spacings  of  1.0,  3.0  and  4.5  pm,  the  flat-bana  voltages  are 
0.16,  1.44,  and  3.24  Volts,  respectively. 

The  maximum  voltage  that  can  be  applied  to  the  detector  is 
ultimately  limited  by  the  dielectric  breakdown  voltage  of  the 
semiconductor.  However,  long  before  dielectric  breakdown  is  reached, 
the  applied  field  will  be  strong  enough  to  cause  avalanche  breakdown,  a 
carrier  multiplication  process  which  drastically  increases  the  noise  and 
degrades  the  high-frequency  response  of  the  detector.  For  Si,  the  onset 
of  avalanche  breakdown  occurs  at  E  2:  10®  V/cm.  The  point  of  highest 
field  is  at  the  negatively  biased  electrode®.  The  magnitude  of  the 
field  at  this  point,  is  given  by® 


V  +  V, 
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FB 
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where  V  is  the  actual  applied  bias.  Setting  -  10®  V/cm,  the  maximum 
bias,  without  causing  avalanche  breakdown,  for  a  4.5-/im  gap  is  »42  V. 
The  maximum  biases  for  the  3.0  and  1.0  micron  gap  devices  are  28.6  and 
9.84  Volts,  respectively.  The  minimum  electric  field  occurs  at  the 
anode,  and  has  the  strength  given  by®. 


(34) 


With  the  values  of  the  electric  field  at  the  two  metal  pads,  Poisson's 
equation  can  be  solved  for  the  electric  field,  E(x),  as  a  function  of  x, 
and  is  given  by 


E(x) 


(35) 


for  plane  parallel  electrodes  sandwiching  the  fully  depleted 
semiconductor,  which  is  a  much  simplier  case  than  the  msm  geometry  used 
in  this  study. 

From  the  this  equation  one  can  see  that  the  electric  field  seen  by 
an  electron,  or  hole,  in  an  msm  diode,  is  not  constant  between  the 
electrodes.  The  drift  velocity,  v^,  is  directly  proportional  to  the 
electric  field  by 

▼d  “ 

(36) 


where  fi  is  the  carrier  mobility.  However,  is  a  constant  only  at  low 
fields,  and  v^  becomes  a  sublinear  function  of  field  strength  for 
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Increasingly  higher  fields,  eventually  saturating  at  10^  cm/sec  in  Si.'‘ 
As  a  result  of  this  saturation  behavior  of  the  drift  velocity,  at 
sufficiently  high  fields,  the  drift  velocity  changes  very  little  across 
the  msm  structure.  At  V  2:  2Vpj,  the  change  in  v^  across  the  diode  is 
<20%  from  the  average  drift  velocity  calculated  for  the  average  electric 
field.  This  percentage  decreases  with  increasing  bias.  Therefore,  for 
high  biases,  V  i  37^,^,  the  change  in  the  drift  velocity  of  the  charge 
carriers  across  the  diode  is  negligible. 

The  final  consideration  for  the  msm  photodiode  is  the  leakage,  or 
dark  current.  Sze  shows  that  the  dark  current  of  these  devices,  at  room 
temperature,  is  limited  by  thermionic  emission^,®  and  static  barrier 
lowering^  due  to  the  formation  of  image  forces  when  the  detector  is 
biased.  In  direct  detection,  the  dark  current  is  of  primary  importance 
in  determining  the  minimum  detectable  power.  Soares  deals  extensively 
with  the  dark  current  behavior  of  these  devices  in  his  dissertation® . 

For  heterodyne  detection,  however,  the  dark  current  is  of  little 
importance  if  the  dc  photocurrent,  produced  by  the  local  oscillator,  is 
much  greater  than  the  dark  current.  The  rationale  is  that  the  local 
oscillator  drives  the  detector  hard  enough,  such  that  the  shot  noise 
arising  from  the  dc  photocurrent  is  the  predominant  noise  source. 

Hence,  the  dark  current  is  of  little  consequence  in  heterodyne 
detection,  as  long  as  it  is  much  less  than  the  shot  noise  from  the  dc 
photocurrent  produced  by  the  local  oscillator. 
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D.  Electric  fields  due  to  coplanar  pads. 

In  the  previous  section,  a  simplified  band  structure  model  for  a 
msm  photodiode  was  calculated  for  i  V  i  ^^fb'  where  is  the  voltage 
at  which  avalanche  breakdown  starts.  The  results  were  that,  within  this 
range  of  V,  the  electric  field  across  the  detector  can  be  modeled  as  an 
average  field  with  a  strength  of  V/L.  The  drift  velocity  of  the 
carriers  will  only  vary  by  «  20%,  or  less,  from  that  calculated  for  the 
actual  field.  However,  the  model  for  this  diode  has  the  metal  pads 
parallel  to  each  other.  The  diode  structure  studied  here  has  the  metal 
pads  coplanar  with  each  other,  a  slightly  different  geometry.  In  order 
for  the  arguments  of  the  preceding  section  to  be  valid,  it  must  now  be 
shown  that,  at  least  within  the  total  carrier  penetration  depth  in  the 
semiconductor,  the  fields  due  to  the  coplanar  pads  are  nearly  identical 
to  that  of  the  parallel  geometry.  Here  the  total  carrier  penetration 
depth  is  not  related  to  the  optical  penetration  depth,  5,  of  uv  light 
into  the  semiconductor  which  is  very  shallow.  The  total  carrier 
penetration  depth,  is  the  maximum  depth  into  the  semiconductor 

that  a  carrier  could  reach  before  being  collected  at  a  pad  and  is 
totally  due  to  diffusion,  and  given  by 

^MAX  " 

(37) 

where  is  the  diffusion  constant  of  either  the  electrons  or  holes  and 
the  sweep  out  time,  tg^^,  is  the  transit  time  of  the  carrier.  F'^r  Si 
with  a  10^  V/cm  E  -field  applied,  the  value  of  for  a  4.5  ^m  detector 
is  0.16  fxm. 
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To  show  that  the  E-field  near  the  surface  is  almost  constant,  it  is 
only  necessary  to  consider  the  fields  due  to  the  metal  pads,  in  the 
absence  of  the  semiconductor.  If,  in  air,  a  nearly  constant  E-field 
exists  near  the  plane  of  the  coplanar  pads,  then  the  boundary  condition 
requiring  tangental  E-fields  to  remain  invariant  across  a  boundary  will 
insure  that  the  E- field  in  the  semiconductor  will  be  the  same  as  for 
the  parallel  pads.  Therefore,  the  preceding  arguments  about  band 
structu-e  will  remain  valid. 

First,  consider  two  metal  pads  of  semi- infinite  length,  as  shown 
in  Figure  8.  A  potential  difference  of  2V  is  applied  to  the  pads.  This 
is  a  Dirichlet  boundary  value  problem  and  a  solution  for  E(x,y,z)  can 
be  found  by  using  Green's  theorem.  To  solve  this  problem  one  only  needs 
to  know  the  value  of  ^(x,y),  the  potential,  in  the  plane  of  the 
electrodes.  This  two  dimensional  problem  can  be  attempted  by  employing 
the  Schwartz -Chris toff ol  transformation.  The  solution  to  this 
transform,  however,  results  in  an  elliptical  integral  of  the  third  kind, 
which  does  not  have  an  analytical  inverse.  Attempts  at  indentifying 
variations  on  the  geometry  to  be  transformed,  by  employing  symmetry 
arguments  to  reduce  the  complexity  of  the  transform,  did  not  produce  any 
usable  results.  Any  transform  that  still  retained  at  least  one  90° 
corner  and  one  infinite  ground  plane,  as  shown  in  Figure  9,  always 
resulted  in  a  transformation  with  a  non- analytical  inverse.  Hence,  one 
is  left  with  either  a  numerical  solution  to  the  problem,  or  further 
simplification  of  the  geometry  by  using  the  solution  for  two  plane 
parallel  strips  (Fig  10).  The  basic  construction  of  the  detectors 
tested  is  such  that  the  width  of  the  metal  pads  is  much  greater  than  the 
gap  dimension  implying  that  the  approximation  of  parallel,  infinite 


41 


strips  should  be  adequate.  The  potential  for  this  structure  has  been 
previously  calculated®'^®,  as 


^(x.z) 


2V 

-  Arcsin(u)  -  V  ;  x  >  0 

IT 

2V 
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where 
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and  where  2Xg  is  the  gap  dimension,  and  z  is  the  distance  into  the 
semiconductor.  Then 


->  « 

E  -  -V  ^(x,z)  - 

(  1  -  u® 


(39) 


where  the  ±  refers  to  ±x  as  the  point  of  interest.  From  Eqn  39,  the 
value  of  the  electric  field  can  be  calculated  for  any  point  in  space. 
This  can  then  be  compared  to  the  value  of  the  electric  field  for  plane 
parallel  electrodes,  separated  by  a  distance  of  2x^.  The  percentage 
change  from  the  surface  value  of  the  B- field  strength  for  a  4.5-;im  wide 
gap  with  a  7-V  bias  across  the  gap  is  listed  in  Table  2.  From  Table  2, 
it  is  clearly  seen  that,  at  least  to  a  depth  of  2  pm  into  the 
semiconductor,  the  strength  of  the  E- field  is  nearly  constant.  Couple 
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this  result  with  the  saturation  behavior  of  the  charge  carriers  at  high 
fields  and  the  net  effect  is  that  the  variation  of  the  drift  velocity 
due  to  changes  in  the  electric  field  can  be  ignored.  Hence,  in  this 
region  the  drift  velocity  of  the  charge  carriers  can  be  assumed  to  be 
constant  across  the  detector  gap. 

E.  Detector  photocurrent  in  an  msm  photodiode 

The  preceding  two  sections  have  established  that  the  charge 
carriers  will  move  with  a  constant  drift  velocity  across  the  gap  of  a 
planar-geometry  msm  photodiode  under  sufficiently  high  biases.  With 
this  approximation,  the  photocurrent  seen  in  the  external  circuit  is  now 
derived  for  several  cases . 

First  consider  a  single  photon  producing  a  single  electron-hole 
pair  in  the  semiconductor  region  of  an  msm  photodiode.  The  photodiode 
is  biased  to  a  level  such  that  the  drift  velocities  of  the  charge 
carriers  are  approximately  constant  across  the  depletion  region.  Using 
the  geometry  in  Fig  10,  the  photon  is  incident  at  x^.  The  distance  that 
the  electron  and  hole  travel  to  their  respective  electrodes  is  x^  -  x^, 
and  Xg  +  x^.  The  current  produced  in  the  external  circuit  is  shown  in 
Fig  11,  where  the  electron-hole  pair  is  produced  at  t  -  to  and 
recombination  of  the  minority  carrier  is  ignored.  The  electron,  being 
the  faster  of  the  two  carriers,  is  assumed  to  arrive  at  the  positive 
electrode  first  at  t  -  t^.  The  slower  hole  arrives  at  the  negative 
electrode  at  t  -  tj .  The  transit  times  of  the  carriers  are  related  to 
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the  carrier  velocities  simply  by 


t  -  t  - 
1  o 


*G  - 


t2  - 


G  o 


were  and  are  the  magnitudes  of  the  electron  and  hole  drift 
velocity,  respectively.  The  current,  i,  in  the  detector  can  be  written 
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where  9  is  the  unit  step  function.  The  measurements  for  this  study, 
however,  are  made  in  the  frequency  domain,  hence,  taking  the  Fourier 
transform  of  i(x^,t) 
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one  gets,  by  letting  t^  -  0 
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and  finally  taking  the  real  part  of  i(x^,a)),  one  gets  the  current  in  the 
external  cicuit  as 
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where  sinc(x)  ■  sin(x)/x.  This  expression  is  the  predicted  current  as  a 
function  of  frequency  derived  from  the  Fourier  transform  of  an  an 
impulse  response.  Note  that  the  power  into  the  detector  has  been  set  to 
one  photon  per  second  causing  the  factor  of  to  be  equal  to  unity 

with  units  of  sec'^.  Comparision  with  Equation  19  allows  some  terms  to 
be  defined.  The  heterodyne  power,  (2Pj^Pg)^^*,  is  the  power  stated  above 
that  is  set  equal  to  one  photon  per  second.  The  mixing  efficiency  is 
assumed  to  be  unity,  leaving  only  the  rf  quantum  efficiency,  r,^.  The 
sine  terms  comprise  the  rf  quantum  efficiency  as  a  function  of 
frequency.  It  is  seen  that  the  assumption  in  section  B  of  the  dc  and  rf 
quantum  efficiencies  were  not  equal  being  correct. 

It  is  experimental  measurements  of  this  impluse  response  that 
dominate  present  high-speed  detector  research.  It  also  is  the 
predominant  modeling  scheme,  with  the  frequency  response  being  derived 
as  the  Fourier  transform  of  this  idealized  impulse  response . ^ ^ ^ 

The  external  current  from  a  true  heterodyne  source  incident  on  the 
msm  photodiode  is  now  derived.  Starting  with  the  equation  of  continuity 

3 

VJp  +  ~  pp  -  Gp 

at 

(45) 

where  Jp,  Pp,  and  Gp  are  the  hole  current  density,  hole  charge  density, 
and  hole  generation  rate,  respectively.  The  generation  rate  is  given  in 
Eqn  19  as 
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where  P  is  the  net  heterodyne  power  of  the  light  source 
(P  -  (m'2'Pj^Pg)^^^)  ,  *7  the  quantum  efficiency  of  the  detector,  the 

energy  per  photon,  and  5 {x-XQ)^ (y)5 (z)  places  a  point  source  of  light  on 
the  surface  of  the  semiconductor  at  x  -  x^.  Also,  the  hole  current 
density  and  charge  density  are  given  by 
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where  is  the  hole  drift  velocity  and  p  is  the  hole  number  density. 
Assuming  that  ^q*'  ^5  becomes,  after  combining  Eqns  46 
and  47 , 
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Now,  given  an  e^"^  source  terra  it  is  assumed  that 
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thus  Eqn  48  becomes 
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Then,  a  solution  to  this  differential  equation  is 


(48) 


(49) 


(50) 


P 


f;Pe(x-Xg) 

- exp 

4av  ftw,  _ 
p  LO 


-iw(x  +  Xq) 

■  +  iwt 

V 

p 


S(y)«(z)  . 


(51) 


47 


And  the  hole  current  density  Inside  of  the  semiconductor  is 
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Now  to  obtain  the  hole  current  in  the  external  circuit,  ip(xQ,c<;,t),  one 
must  integrate  as  follows 


ipCXg.w.t) 


(53) 


Remember,  in  one  dimension  the  current  density  is  equal  to  the  current. 
Then,  the  current  in  the  external  circuit  from  a  msm  photodiode,  which 
acts  like  a  capacitor,  is  the  spatial  average  of  the  current  between  the 
electrodes.  This  is  the  photovoltaic  effect.  Contrast  this  to  the 
photoconductive  detector  where  it  is  the  actual  passage  of  charge  that 
is  measured.  Thus,  the  current  in  the  external  circuit  is  equal  to  the 
current  at  any  point  inside  of  the  detector.  More  on  these  differences 
is  presented  in  Appendix  A.  The  msm  devices  are  photovoltaic  detectors. 

Carrying  out  the  integral  and  simplifying  one  arrives  at  the 
complex  current  due  to  the  movement  of  holes  in  the  semiconductor  of  the 
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msm  photodiode ,  which  Is 


ipCXg.w.t) 


qijP 


exp 


jrftw, 


LO 


■iw(Xg  +  x„) 


+  iwt 


2v 


sine 


wCXg  +  Xq) 

2v 


(54) 


Likewise,  the  complex  current  in  the  external  circuit  due  to  electron 
flow  is 


i„(Xo.w.C) 


qtjP 

-  exp 


-  Xq) 

2v_ 


+  iwt 


X 


sine 


"(S  “  *o> 

2^n 


(55) 


Then  the  total  current  seen  in  the  external  circuit  is  the  sum  of  the 
electron  and  hole  current.  The  current  detected  by  most  instruments 
will  be  the  rms  of  the  real  part  of  the  complex  current,  which  is  the 
average  of  the  magnitude  of  the  two  complex  currents,  given  by 
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equations  54  and  55,  which  is 


^SMS  “ 


q»jP 


hu, 


LO 


sine 


sine 

w(Xq  -H  Xq) 

2v 

2v 

n 

p 

sine 


-  Xq) 

*  sine 

w(Xg  -1-  Xq) 

2v 

2v 

n 

p 

cos 


w(Xg  -  Xq)  w(x„,  +  x„) 


2v_ 


2v 


(56) 

The  above  equation  is  identical  to  Eqn  44,  which  is  the  current  from  a 
single  photon  in  the  time  domain,  when  r;  -  1  and  P  -  one  photon  per 
second,  as  is  the  case  for  a  single  photon  generating  a  single  electron- 
hole  pair.  Therefore,  the  current  from  a  modulated  source  of  light,  as 
in  a  heterodyne  experiment,  does  transform  to  the  current  measured  in  an 
impulse -type  measurement,  as  expected. 

The  above  calculations  were  derived  assuming  that  the  effects  of 
carrier  diffusion  were  negligible.  However,  due  to  the  short  absorption 
lengths  of  uv-wavelength  radiation  in  any  semiconductor,  diffusion  will 
play  an  important  role  in  the  response  of  these  detectors.  That  is, 
with  an  absorption  length  of  only  10  nm  for  fiu^^  >  3.3  eV,  the  carrier 
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density  near  the  surface  will  be  very  high.  Since  the  diffusion  current 
goes  as  the  gradient  of  the  charge  density,  then  the  high  concentration 
of  carriers  at  the  surface  under  illumination  will  generate  a 
substantial  diffusion  current  normal  to  the  semiconductor  surface  and  to 
the  applied  fields. 

The  current  in  the  external  circuit,  due  to  a  heterodyne  point 
source  with  diffusion  and  recombination  included,  is  now  derived.  The 
derivation  will  then  be  generalized  to  an  extended  source  with  a 
Gaussian  envelope. 

Again,  start  by  assuming  a  point  source  illumination  with  an 
time  variation  in  intensity,  this  time  located  at  the  origin. 
Generalization  to  a  source  not  at  the  origin  will  be  made  by  a 
coordinate  translation  later.  Neglecting  the  d.c.  terms  of  the 
heterodyne  signal,  the  source  term  for  the  holes,  G^,,  in  the 
semiconductor  is  given  by 

q»7P 

Gp - e^“*^-«(x)5(y)5(z) 

(57) 

Then  the  equation  of  continuity  is  given  by 

3 

V'Jp  +  _  -  Gp  -  Rp 

at 

(58) 

where  is  the  recombination  rate  of  the  holes,  given  by 

qp 

Rp - 

r 

(59) 
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where  p  is  the  number  density  of  holes  in  an  n-type  semiconductor,  and  r 
is  the  effective  recombination  lifetime  of  the  holes.  The  current  and 
charge  density  can  be  written  as 


Jp  -  qVp  -  qDp  V  p 

Pp  -  qp 


(60) 


where  Dp  is  the  diffusion  constant  for  the  holes.  It  has  previously 
been  shown  that  the  drift  velocity  for  carriers  in  the  semiconductor  of 
an  msm  diode  structure  is  very  nearly  constant.  Hence,  assuming  a 
constant  drift  velocity  for  the  carriers,  then  Eqns  57  through  60  give 


->  ->  a  p 

V  'V  p  -  DpV^p  4  —  p  +  - 

dt  T 


where 


rt? 


fiu>. 


to 


e^"*"  5(r) 


(61) 


5(r)  -  «(x)5(y)«(z)  . 


(61a) 


The  linearity  of  the  differential  equation  with  respect  to  time  implies 
that  the  time  variation  of  p  will  follow  the  source  term.  Also,  the 
coordinate  system  is  oriented  sucn  that  Vp  is  along  the  x  axis  only. 
Hence,  Eqn  61  reduces  to 


-»7P 


Dpftw 


LO 


6(r) 


(62) 
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where 


P  -  Po® 


lut 


(62a) 


Now  in  the  limiting  case  of  the  drift  velocity  going  to  zero,  i.e.  no 
bias  on  the  detector,  the  solution  for  is 


o'  p 


- 

1/2 

n 

n 

A' 

2u' 

■  ^1/2^"')  + 

2u' 

1/2 


with 


u'  - 


(x2  +  yS  +  z2) 


1  ib) 
D. 


Dp" 


1/2 


(63a) 


(63b) 

and  ^1/2  ®^®  modified  spherical  Bessel  functions  of  the 

first  and  third  kind,  respectively.  Under  the  boundary  conditions  that 
Pg  goes  to  zero  at  infinity  and  p^  -  ®  at  the  origin,  it  is  found  that 
A'  -  0,  hence 


p^(v^-O)  -  B' 


2u' 


1/2 


(64) 
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which  reduces  to"^ 


1/2 


j 


(65) 


Then  substituting  Eqn  65  back  into  the  differential  equation  (Eqn  62) , 
one  can  solve  for  B  getting 


B' 


*JP 


4jrD  tiu.n 

p  LO 


(66) 


The  charge  density  for  the  zero  bias  case  is  then 


1/2 

e‘"' 

•  - 

u' 

(67) 

Now,  apply  a  bias  across  the  detector  and  0.  Using  the  transform 

p  -  p'e**e^"‘,  Eqn  61  reduces  to  an  identical  equation  in  p'  as  that  of 
the  zero  drift  velocity  case  with  slightly  different  coefficients. 
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Hence,  with  drift  velocity  included,  p  becomes 


V  X 

p 

exp - S 


where 


S  -  (x2  +  y2  +  z2) 


4Dp2  DpT 


and  now 


4xD  ftw,  - 

p  LO 


4Dp2  DpT 


(68a) 


(68b) 


(68c) 


whi<  h  reduces  to  the  zero  bias  case  when  Vp  -  0.  Now,  the  complex  hole 
current  at  any  given  point  inside  of  the  semiconductor,  ip'  ,  is  given  by 


+«  +< 
-  q  dy  . 

V  < 


dz  n-(Vpp  -  DpVp) 


The  above  integrals  can  be  carried  out  with  a  few  simple  steps.  First, 
remember  that  the  drift  velocity  is  in  the  x  direction  only,  therefore 
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n  -  i,  which  simplifies  Eqn  69  to 


1  '  -  q 

p  ^ 


•H*>  +«o  p 

■ 

• 

dy 

dz 

-00  o  ^ 

V  p(x,y,2)  -  D  —  p(x,y,z) 

ax 


(70) 


Next,  given  the  synunetry  of  p,  change  the  variables  to  a  cylindrical 
geometry  by  letting  r^  -  y^  +  ,  thus  giving, 


ip'  -  qB 


+00 

• 

IT  r 

• 

rdr 

da 

V  « 

o  < 

) 

exp{ax  -  [ (x^+r^) j 1/2) 

[(x2+r2)(a2+;92)]^/2 


a  exp{ax  -  [(x2+r2)(Q2+;92)]^/2j 


-  Dp  - 


ax  [(x2+r2)(a2+/92)]^/2 


(71a) 


where 


(71b) 


The  partial  with  respect  to  x  is  now  allowed  to  operate  on  the  e^  term, 
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and  Eqn  71  can  be  rewritten  as, 


ip'  -  wqB(l+a)Vpexp(ax)  x 

-Ho 

exp  { -  [  (x2-»-r* )  (a2-^/92 )  ]  j 
rdr  - 

[(x2-»-r2)(a2-t-^2)]^/2 


+flO 

3  exp{-t(x2-fr2)(o2-H/32)]^''^) 

xqBD  expCaw)  rdr - . 

3x  [(x2-*-r2)(a2-t-;32)]^/2 
o 

(72) 


The  first  integral  is  easily  solved  by  making  the  transformation 
u2  -  x2  r2 .  Notice  that  the  partial  derivative  in  the  second  integral 
only  operates  on  the  combination  of  (x^  +  z^) .  This  allows  the 
substitution  of  3/3x  -  (x/r)3/3r  and  the  second  integral  can  be  written 
as , 


-Ho 

x  3  exp{-[(x2-fr2)(o2-t-^2)]^'2) 

rdr  -  —  - 

r  3r 
o 

(73) 


which  can  easily  be  solved  by  integration  by  parts.  With  the  above 
steps,  ip'  can  be  found  and  the  current  seen  in  the  external  circuit, 
ip,  by  the  motion  of  the  holes  is  given  by 


r® 

dx  ip' (x  -  Xp,t) 


(76) 
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where  the  location  of  the  source  has  been  translated  from  x  -  0  to 
X  -  Xq,  and  the  spacing  between  the  electrodes  Is  2Xg.  Hence,  the  total 
external  complex  current,  due  only  to  holes,  Is 


ip-B 


V  +  2D„(a  2  +  ;9  2]i/2 
p  p  ^p  ' 

a  2  +  2 

p  '^p 


exp[(x^  -  x^XOp  -  [Op2  ^^2J1/2)J  _  1 

-  tv 


(75a) 


where 
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1  Iw 
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(75b) 


Slmiliarly,  the  external  complex  current  due  to  the  electrons  is 
V  +  2D„[a  2  +  ^  2]i/2 

n  H  ^  n  ■* 


exp[(x^  t  »,)(»„  -  [»„»  ■>  -  1 

<»«  +  »0)<“.  - 

(76a) 


with 
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n 


iw 


(76b) 


where  v  and  D  are  the  electron  drift  speed  and  diffusion  constant, 
respectively.  Note  that  the  term  is  missing  the  1/Dr  term  that  is  in 
the  /3p  terra.  This  is  because  the  electrons  are  quickly  separated  from 
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the  holes  by  the  applied  electric  field.  Hence,  in  n-type  material  the 
electrons  can  not  recombine,  yet  the  holes  still  can  recombine  with 
electrons  in  the  material.  For  silicon,  the  1/Dr  term  is  insignificant, 
since  both  and  are  dominated  by  the  and  iw/D  terms,  both  on 

the  order  of  10* ,  while  the  1/Dr  term  is  on  the  order  of  10^ . 

The  instrument  utilized  to  measure  the  photocurrent  is  a  radio - 
frequency  spectrum  analyzer,  which  measures  the  real  total  rms  current 
at  its  input  terminal.  The  expresion  in  Eqns.  75a  and  76a  are  the 
complex  currents  which  cannot  easily  be  expressed  as  real  and  imaginary 
parts.  Therefore,  let  the  time  independent  part  of  the  current  be 
expressed  as  a  +  ib,  then  the  current  is 

i  -  Re{(a  +  ib)(cos(ci)t)  +  isin(wt))}  (77) 

which  becomes 


i  -  acos(wt)  -  bsin(wt) 


(78) 


The  cos2(wt)  and  sin®(wt)  terms  give  a  factor  of  1/2  for  the  integral, 
while  the  cos(wt)sin(wt)  term  integates  to  zero  giving 


i2  -  (a*  +  b2)/2 


(80) 
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Thus  the  real  total  rms  current,  is  given  by 


i 


W6 


(12)1/2 


(81) 


where  i^  and  i^^  are  the  complex  time  independent  portion  of  the  complex 
currents  given  in  Equations  75a  and  76a,  respectively. 

The  entire  preceding  calculation  was  with  an  assumed  point  source 
of  charge  with  a  sinusodial  time  variation.  In  reality,  the  beam  is 
nearly  Gaussian  and  of  significant  finite  extent  relative  to  the  gap 
dimension.  To  account  for  the  effects  of  an  extended  source,  consider 
equations  75a,  76a,  and  78.  These  equations  describe  the  current  in  the 
external  circuit,  due  to  a  point  source  at  position  x^,  and  ij^  is  a 
function  of  x^  only.  Hence,  the  effects  of  the  extended  source  in  y  and 
z  are  just  a  constant.  To  include  the  effect  of  an  extended  source  upon 
the  external  current,  assume  a  Gaussian  shaped  beam  with  a  e'^ 
radius,  w.  Then  the  current  in  the  circuit  from  this  beam,  i^.^,  is 
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dx'  ij^Cx')  exp  I  •2(x„  -  x’)^/w 


-  V  '  2  /w2 


-X, 


(82) 


This  current,  i^j^j.  is  calculated  numerically  taking  0.1 -Ira  steps  and 
summing  the  weighted  individual  point  source  currents  at  each  step. 

The  current  in  the  external  circuit,  given  by  Equations 
75a,  76a,  and  78,  were  derived  under  a  constant  E,  or  flatband, 
approximation.  There  is  one  other  potential  source  of  band  bending  in 
these  detectors  that  has  not  been  considered,  that  is,  a  space  charge 
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effect  due  to  photogenerated  carriers.  With  no  illumination,  and 
V  >  2Vpg,  the  semiconductor  is  fully  depleted  and  the  band  curvature  is 
negligible.  By  illuminating  the  surface  with  a  light  source,  another 
source  of  charge  is  created  inside  the  semiconductor.  Under  the 
influence  of  the  applied  electric  field,  the  photogenerated  electron- 
hole  pairs  separate,  creating  an  opposing  dipole  E-field  to  the  applied 
E- field.  Given  sufficiently  high  charge  densities,  this  dipole  field 
could  significantly  change  the  carrier  drift  velocities  in  the 
semiconductor.  Consider  the  charge  density  given  by  Eqn  68c.  Setting 
t  -  0,  one  finds  that  the  maximum  charge  density  per  second  in  the 
semiconductor  is  given  by 


P  *jP 


1/2 


J 


{C/cm® ’sec) 


(68c) 


This  expression  gives  the  charge  density  generated  per  second  by  the 
incident  light.  However,  the  charges  do  not  stay  around  to  collect,  but 
move  away  from  the  light  source  under  the  influence  of  the  applied  bias. 
For  a  drift  velocity  of  10^  cm/sec,  an  incident  beam  power  of  1  mW,  the 
value  for  p/tq  is  1.39  x  10^*  cm*®sec’^.  The  transit  time,  t,  for  a 
charge  inside  the  semiconductor  is  Ax/v,  where  Ax  is  the  distance  the 
charge  has  to  travel.  For  a  4.5-lm  gap  detector,  this  transit  time  is  a 
maximum  of  45  psec,  for  v  -  10^  cm/sec.  As  the  velocity  drops,  the 
transit  time  increases,  hence  the  charge  density  in  the  semiconductor 
remains  constant  for  a  given  incident  light  power.  With  the  charge 
density  known,  the  change  in  E  with  respect  to  x  is  given  by  Gauss'  Law 
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as 


P 

-  (84) 

Ax  Cg 

Given  a  transit  time  of  75  psec,  corresponding  to  an  applied  Bias  of 
V  -  Vpg,  the  change  in  E  with  respect  to  x  is  16.46  V/cm^ .  This  implies 
a  change  of  7.4  mV  across  the  electrodes  of  a  4.5  Im  wide  detector. 
Hence,  it  is  clearly  seen  that  even  for  this  worst  case,  the  effective 
band  bending  due  to  the  photo -generated  carriers  is  negligible, 
especially  since  a  1-mW  beam  is  about  twice  the  actual  incident  beam 
power  upon  the  detector.  Experimental  evidence  of  negligible 
bandbending  is  shown  in  chapter  4  where  the  5-10  GHz  frequency  response 
of  a  detector  does  not  change  with  changes  in  Pj^q. 

F.  Predicted  Detector  Performance  and  Limitations 

The  results  of  the  derivations  of  the  previous  four  sections  in 
this  chapter  are  now  used  to  investigate  the  predicted  physical  limits 
of  rasm  photodetectors. 

First, consider  the  simple,  non-diffusion  photocurrent  given  by  Eqn 
56.  Notice  that  the  argument  of  every  function  in  this  equation  has  the 
same  basic  form  of 


(85) 


where,  ux^  is  the  distance  the  charge  has  to  travel  and  v^  is  the 
average  drift  velocity.  Noting  that  the  transit  time  -  Ax^/v^ ,  it  is 
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clearly  seen  Chat  in  this  very  simple  case  that  the  detector  will  be 
transit-time  limited. 

Considering  the  more  complete  expression  for  the  photocurrent 
given  in  Eqns  75a,  76a,  and  78,  the  limiting  physics  is  not  as  easily 
seen.  For  now,  concentrate  on  the  complex  hole  current  given  in  Eqn  33. 
From  the  symmetry  of  the  equations,  any  conclusions  made  about  the 
limits  on  the  hole  current  can  then  be  equally  applied  to  the  electron 
current.  Rewriting  Eqn  75a,  and  dropping  the  subscripts  for  simplicity, 
gives 

V  +  2D[(v/4D)2  +  (1/Dr)  +  (iw/D)]^'^ 
i  -  B  •  -  X 

[(v/4D)2  +  (1/Dr)  +  (iw/D)] 

exp{(Axv/2D)(l  -  [  1  +  (AD/v^t)  +  (iAwD/v^) ] j  _  ^ 

{(Axv/2D)(1  -  [  1  +  (AD/v^t)  +  (i4wD/v2)]^/2]  ) 


(86) 


where  Ax  -  x^-x^.  Now,  as  a  check,  let  D  go  to  zero  and  r  go  to 
infinity.  This  turns  off  both  diffusion  and  recombination  and  Eqn  86 
should  reduce  to  Eqn  56.  After  some  algebra,  Eqn  86  becomes 


q»7P  exp[-iAxu/v]  -  1 

i  «  -  •  - 

( iAx«/v) 


(87) 


which  further  reduces  to 


qrjP 

i  -  -  exp[iAxw/2v]  sinc(Axw/2v) 

LO 


(88) 
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A  similar  expression  can  be  derived  for  the  electron  current.  Adding 
the  two  currents  and  taking  the  real  part,  one  then  gets  Eqn  56,  as 
expected.  Now,  turn  the  diffusion  and  recombination  back  on  and 
consider  Eqn  86,  written  as 


qnP  1  +  [  1  +  (4D/v2r)  +  (i4wD/v2 ) ] ^'2 

ip - •  - 

2hu^  [  1  +  (4D/v2r)  +  (i4wD/v2)] 

exp{(Axv/2D)(l  -  [  1  +  (4D/v2t)  +  (i4wD/v2 ) ] ^'^]  ) 

((Axv/2D)(1  -  [  1  +  (4D/v2r)  +  (UwD/v^)  ]  ) 

(89) 

Now  expand  the  square  roots  and  keep  the  first  two  terms,  in  the  small 
parameters  of  AD/v^r  and  Dw/v*.  For  a  10-GHz  beam  modulation  and  a 
drift  velocity  of  5  x  10®  cm/sec,  the  upper  bound  for  these  two  small 
terms  are  AD/v^r  <  10"^  and  Dw/v*  <  0.10.  The  expansion  gives 

qnP  [  1  +  (D/v^r)  +  (iwD/v*)] 

ip - ■  -  X 

ftWyj  [  1  +  (4D/v*r)  +  (i4wD/v*)] 


exp( ( -i/2) ( (Axw/vr)  +  (iAx/vr)]}  x 
s inc [ ( Axw/vr )  +  ( iAx/vr ) ] 


(90) 


Examination  of  the  argument  of  the  exponential  or  sine  reveals 
some  '.cry  interesting  effects.  First,  the  -Ax/vr  is  simply 
recombination  of  the  carriers.  The  Ax/v  term  is  just  the  transit  time 
of  the  carrier  in  the  diode.  Hence,  the  current  decreases  as  the 
transit  time  increases,  or  as  the  drift  velocity  (bias)  decreases. 
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However,  this  is  only  important  when  the  transit  time  starts  to  approach 
the  carrier  lifetime,  implying  that  materials  with  high  drift  velocities 
and  long  carrier  lifetimes  will  give  the  highest  response.  Also,  the 
Ax/vr  shows  that  the  response  of  the  detector  is  not  uniform  across  the 
gap.  This  implies  that  there  will  be  some  optimal  position  on  the 
detector.  However,  this  position  dependence  will  be  very  weak  in  Si, 
given  the  relatively  long  lifetime  of  the  carriers . 

Now  consider  the  second  term  in  the  exponential,  iAxw/v.  Again, 
it  is  seen  that  the  transit  time  ,  Ax/v,  is  important.  In  this 
argument,  however,  it  is  the  relationship  between  the  carrier  transit 
time  and  the  period  of  the  heterodyne  signal  that  is  important.  Also 
note  that  for  a  heterodyne  frequency  of  v/Ax,  the  exponential  has  the 
value  of  exp(i2jr)  ••  1  and  the  hole  current  will  be  a  minimum.  However, 
since  the  electrons  and  holes  usually  have  different  drift  velocities, 
while  the  hole  current  is  at  a  minimum,  the  electron  current  will  not  be 
at  a  minimum.  At  saturation  velocity,  the  electrons  and  holes  do  have 
the  same  speed  in  Si,  and  hence  the  current  can  be  made  to  go  to  zero  at 
Uk.k  GHz,  if  the  point  source  beam  is  placed  in  the  center  of  a  4.5 
gap  detector.  This  null  in  the  current  will  be  greatly  diminished  with 
a  physical,  extended  source. 

Another  important  physical  parameter  in  detector  behavior  is  the 
RC-time  constant  of  the  detector.  The  RC-time  constant  of  the  detectors 
used  in  this  study  is  very  small.  Consider  the  capacitance  of  a  plane 
parallel  plate  capacitor  with  plate  areas  equal  to  the  largest  electrode 
area  of  the  detectors  tested,  200  urn?.  Separate  the  plates  with  a 
1.0  pm  thick  dielectric  with  the  same  permeability  as  Si,  -  11.9. 
Assuming  a  50-n  terminating  impedance,  the  RC-time  constant  for  this 
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circuit  is  1  psec,  which  implies  a  160-GHz  bandwidth.  The  detectors 
used  in  this  study  have  coplanar  electrodes,  not  plane  parallel.  Hence, 
the  actual  capacitance,  and  time  constant,  of  these  detectors  will  be 
much  less  than  the  above  case.  Therefore,  it  is  concluded  that  the  RC- 
time  constant  is  not  a  limiting  factor  in  these  detectors. 

Thus,  it  has  been  shown  that  at  a  bias  V  >  2V„  that  the  detectors 

r  D 

are  transit-time  limited.  The  important  parameters  being  the  transit 
time  compared  to  the  recombination  lifetime  and  the  period  of 
oscillation  of  the  heterodyne  signal. 

Having  discussed  the  ultimate  factors  limiting  detectors 
performance,  now  consider  the  predicted  performance  of  three  Si 
detectors  studied  in  this  dissertation.  The  values  for  the  drift 
velocities,  diffusion  constants,  and  recombination  times  are  that  of 
bulk  Si.*  First  consider  the  frequency  response  versus  E-field  for  a 
4.5,  3.0,  and  1.0  >im  gap  detectors.  Four  different  electric  field 
strengths  were  applied  across  each  detector,  1.0  x  10*  V/cra,  2.0  x  10* 
V/cm,  3.3  X  10*  V/cm,  and  6.6  x  10*  V/cm.  The  necessary  bias  to  achieve 
these  fields,  along  with  V^.^,  is  listed  in  Table  3.  Figures  11,  12  and 
13  show  the  relative  responsivity ,  R(w) ,  versus  frequency  from  d.c.  to 
100  GHz.  Also  shown  are  close-ups  of  the  d.c.  to  10  GHz  and  5.0  to 
10  GHz  regions.  All  curves  were  normalized  to  unity  at  d.c.  A  1.7-;um 
e'®  FWHM  Gaussian  beam,  the  approximate  size  of  the  actual  experimental 
beam,  at  the  geometric  center,  x  -  y  -  0,  was  used  as  the  heterodyne 
source.  First  notice  that,  at  the  highest  bias,  these  detectors  should 
be  extremely  fast.  Table  4  lists  the  -3  db  point  for  each  detector  at 
each  E- field.  Also  note  that  the  6.6  x  10*,  3.3  x  10*  and 
2.0  X  10*  V/cm  fields  produce  nearly  identical  performance  on  a  given 


detector.  Tlriis  implies  that  at  higher  biases,  the  detector  performance 
will  be  only  weakly  dependent  upon  bias .  This  results  from  the 
saturation  of  the  carrier  drift  velocities.  The  only  appreciable  change 
in  the  frequency  response,  R(o>) ,  is  seen  at  the  lower  biases.  Hence, 
any  data  fits  to  the  higher  biased  data  will  have  problems 
discriminating  between  the  higher  fields,  as  seen  in  the  0  to  10-GHz 
plots.  However,  one  should  be  able  to  see  a  difference  at  the  lower 
biases . 

Next,  the  electric  field  was  set  at  2.0  x  10^  V/cm  and  R(w)  versus 
beam  position  is  plotted  in  Figures  14,  15,  and  16.  The  same  beam  spot 
parameters  were  used  as  in  the  previous  graphs.  As  with  the  R(w)  versus 
bias  graphs,  one  sees  that  there  is  a  condition  where  the  change  in  R(u) 
is  very  slight.  As  the  beam  is  moved  from  the  center  of  the  detector 
toward  the  cathode  side,  denoted  by  x  >  0,  R(w)  does  not  change 
significantly.  Hence,  by  Increasing  the  average  electron  transit  time, 
and  reducing  the  average  hole  transit  time,  very  little  effect  is  seen 
in  R(w) ,  Yet,  if  the  hole  transit  time  is  increased,  and  the  electron's 
decreased,  a  notable  difference  is  seen  in  the  4.5  and  3.0  /im  detectors. 
This  implies  that  these  detectors  are  mostly  affected  by  the  slower  hole 
transport  and  weakly  affected  by  the  electron  transport.  This  does  not 
imply  that  it  is  the  minority  carrier  that  is  important  here ,  but  only 
the  least  mobile.  The  model  treats  electrons  and  holes  on  an  equal 
footing,  with  the  only  difference  being  the  drift  velocities  of  each 
carrier  and  the  negligible  difference  arising  from  recombination  in  Si. 
Note  that  for  the  1.0-/im  detector  hardly  any  difference  is  seen  in  R((a) 
as  a  function  of  position.  This  is  due  to  the  size  of  the  incident 
beam.  The  1.7-/im  e’*  FWHM  beam  is  large  enough  such  that  the 
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illxomination  across  the  1.0 -/xm  gap  is  very  nearly  uniform.  A  small  beam 
would  indeed  show  some  change  in  R(u)  versus  position  for  the  1.0-/xm 
detector.  But  the  1.7 -pm  FWHM  beam  is  approximately  the  size  of  the 
incident  beam  used  in  the  experiment,  therefore  a  smaller  spot  size  plot 
is  not  shown. 

Finally,  consider  the  entire  detector  package  from  the  msm 
detector  to  the  rf-spectrum  analyzer.  The  electronics  from  the  cable 
connected  to  the  detector  package,  to  the  spectrixm  analyzer,  used  to 
measure  the  rf  current,  have  been  calibrated  and  their  effect  subtracted 
from  the  data.  More  on  this  calibration  is  given  in  the  next  chapter. 
Thus,  the  measurement  is  sensitive  to  the  combined  effects  of  the 
detector  and  the  microwave  package  up  to  the  SMA  rf  connector  used  to 
mate  with  the  signal  cable.  The  detector  and  microwave  package,  used  to 
transmit  the  signal  from  the  detector  to  the  signal  cable,  has  not  been 
calibrated.  Extensive  work  on  the  effect  of  the  package  on  the  rf 
current  has  been  done  by  Soares®  in  his  dissertation.  Soares  has 
concluded  that  the  major  limitation  of  the  package  is  the  small  bonding 
wire  leading  from  the  detector  to  the  rf  microstrip.  This  small  loop  of 
wire  is  a  small  inductor  which  is  placed  in  series  with  the  detector, 
causing  an  L/R  rolloff.®  Soares  has  calculated  that  the  inductance  for 
a  nominal  bonding  wire  is  in  the  1  to  10  nH  range,  and  R  is  the  50 -Q 
termination  of  the  external  circuit.  Table  5  lists  the  inductance  as  a 
function  of  frequency  for  various  -3  db  points  for  a  simple  L/R  cicuit. 
Unfortunately,  it  is  clearly  seen  that  the  detector  performance  could  be 
limited  by  the  inductance  of  the  rf  package. 

In  conclusion,  a  model  for  the  frequency  response  characteristics 
has  been  developed  for  a  msm  photodiode  under  a  flatband  approximation. 
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The  predicted  behavior  of  these  diodes  indicates  that  they  are  transit¬ 
time  limited,  and  more  sensitive  to  changes  in  the  hole  transit  time, 
than  the  electron  transit  time.  However,  the  calculated  21-GHz 
bandwidth  for  a  4.5-^m  gap  detector  is  much  higher  than  the  simple 
transit-time  argument  of  3.5  GHz  given  early  in  this  chapter. 

Variations  in  R(w)  can  be  seen  for  lower  biases,  hence  slower  drift 
velocities,  and  longer  transit  times.  The  relatively  small  changes  in 
R((*>)  with  beam  position  could  possibly  make  discrimination  between  data 
sets  somewhat  tenuous.  Likewise,  the  calculated  change  in  R(w)  with 
bias  shows  that  only  the  low  bias  conditions  should  yield  easily 


discriminated  data. 


Figure  6 


MSM  Photodiode  Band  Structure  versus  Bias  Voltage 


(a)  Zero  Bias 


(b)  Reach-Through  Bias 


(c)  Flat— Band  Bias 
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Figure  7.  Simple  Coplanar  Geometry. 
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Figure  8.  Simplified  Coplanar  MSM  Geometry. 
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Figure  12.  Predicted  R(u)  for  a  3.0-;an  Gap  Detector  versus  Bias 
Voltage. 
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Figure  13.  Predicted  R(u)  for  a  Gap  Detector  versus  Bias 

Voltage . 
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Figure  14.  Predicted  R(w)  for  a  4.5-/im  Gap  Detector  versus  Beam 
Position. 
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Table  1.  Mixing  Efficiency  verses  Tilt  Between  Two  Guassian  Beams. 


6  (fivad) 

m 

0.00 

1.00 

94 

0.990 

250 

0.950 

500 

0.80 

880 

0.50 

1600 

0.10 

3345 

0.00 

Table  2.  Deviation  in  Electric  Field  Strength  as  a  Function  of  Position 
from  The  Surface. 


Z  (urn) 

%  Change  in  E 

Strength 

X  -  0.0  fim 

1.0  fjim 

2 .  O^m 

0.5 

-1.88 

-2.18 

-3.54 

1.0 

-3.75 

-4.33 

-6.77 

1.5 

-5.62 

-6.39 

-9.53 

2.0 

-7.48 

-8.39 

-11.84 

83 


Table  3:  Bias  for  a  given  electric  field  strength 


E 

Bias  for 

a  Given  Electrode  Gap  (V) 

(  X  10<V/cm) 

1.0  fim 

3.0  fim 

4 . 5  urn 

1.0 

1.0 

3.0 

4.5 

2.0 

2.0 

6.0 

9.0 

3.3 

3.3 

9.9 

15.0 

6.6 

6.6 

19.8 

30.0 

^FB 

0.16 

1.44 

3.24 

Table  4:  -3  db  Points  of  three  detectors  vs  applied  E-field. 


-3  db  Point  (GHz) 

|e|  Detector  Gap  Dimension 


V/cm) 

4.5  fim 

3 .0  urn 

1.0  fixa 

6.6 

21.3 

30.5 

74.6 

3.3 

17.7 

25.6 

61.4 

2.0 

15.5 

22.5 

52.9 

1.0 

11.3 

16.4 

36.1 
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Table  5.  -3db  Points  for  an  L/R  Circuit,  with  R  -  50  O. 


Point 

L 

(GHz) 

(nH) 

10.0 

1.378 

9,0 

1.531 

8.0 

1.723 

6.0 

2.297 

4.0 

3.446 

2.0 

6.892 
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III.  The  UV-Heterodyne  System 


A.  Introduction 

This  chapter  describes  the  experimental  arrangement.  Not  only  is 
the  hardware  described,  but  also  the  characterization  of  the  system 
performance  which  enables  the  measurement  of  absolute  detector 
performance  parameters.  A  discussion  of  the  laser  system  calibration 
includes,  beam  transmission  characteristics,  beam  spotsize  at  the 
detector,  and  mixing  efficiency  of  the  two  laser  beams.  Next  the 
measurement  of  the  total  gain-loss  of  the  detector  electronics  as  a 
function  of  frequency,  out  to  10  GHz,  is  decribed.  Finally,  the 
procedure  for  finding  beam  focus  and  establishing  a  reference  coordinate 
system  on  the  detector  is  discussed. 

B.  The  Experimental  Arrangement 

The  experimental  arrangement  is  shown  in  Figure  17.  The  uv- 
heterodyne  system  uses  a  large-frame  Ar-ion  laser  as  the  local 
oscillator  (LO) .  This  laser  operates  on  one  of  the  doubly  ionized  lines 
of  Argon,  which  is  a  triplet,  and  an  intercavity  prism  is  used  to  select 
the  334.5  nm  line.  This  laser  line  was  found  to  give  the  most  output 
power  of  the  three  lines  below  350  nm,  the  wavelength  range  of  interest 
for  this  project.  For  this  laser,  the  333.6  nm  and  335.8  nm  lines  have 
only  58%  and  50%  of  the  power  in  the  334.5  nm  line,  respectively. 

Single -frequency  operation  of  the  LO  is  achieved  via  a 

t.amperature- stabilized  intracavity  etalon  and  an  intracavity  aperture  to 
assure  single  longitudinal  and  transverse-mode  operation,  respectively. 

A  set  of  neutral  density  filters  is  used  to  attenuate  the  LO  beam  as 
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needed.  A  50/50  beam  splitter  combines  the  LO  beam  with  the  signal  beam 
and  splits  part  of  the  combined  beams  off  to  the  detector  and  part  to  a 
NIST  traceable  surface -absorbing  calorimeter.  The  calorimeter  head  is 
enclosed  in  a  thermal  shield  to  eliminate  drift  and  inaccuracy  in  the 
measured  beam  power  induced  by  air  current  fluctuations.  This 
calorimeter,  the  LO  power  meter,  is  used  as  the  standard  power  meter  for 
the  system  against  which  all  other  power  meters  are  calibrated.  The  LO 
power  meter  readout  is  sampled  by  computer  via  an  RS232  interface. 

The  signal  beam  is  generated  by  pumping  a  ring  dye  laser  with  a 
second  large-frame  Ar-ion  laser.  The  Ar-ion  pump  laser  is  operated  with 
an  intracavity  aperture  adjusted  to  give  a  TEM^^  output  beam  and  the 
discharge  current  is  adjusted  to  give  an  8  W,  514.5-nm  output  beam  to 
pump  the  dye  laser.  The  dye  used  is  DCM  which  has  its  spectral  peak  at 
650  nm.  By  tuning  the  dye  laser  to  669  nm  and  employing  a  LilOj 
intracavity  frequency  doubler,  a  tunable  334.5-nm  signal  beam  is 
produced.  The  fundamental  of  the  dye  laser  is  electronically  locked  to 
a  temperature-stabilized  reference  cavity  which  can  be  electronically 
scanned  over  a  maximum  range  of  30  GHz.  This  implies  a  continuously 
tunable  uv  range  of  60  GHz.  A  wavemeter  measures  the  frequency  of  the 
fundamental  dye  laser  beam  to  provide  a  coarse  measurement  of  the 
frequency  of  the  second-harmonic  uv  beam,  the  signal  beam,  from  the  dye 
laser.  The  second-harmonic  beam  is  separated  from  the  fundamental  by  a 
series  of  three  prisms.  A  50/50  beam  splitter  reflects  a  portion  of  the 
signal  beam  into  a  commercial  Si  p-i-n  photodiode  power  meter,  the 
signal  power  meter.  The  signal  power  meter  readout  is  sampled  by  a 
computer  via  an  A-to-D  converter,  with  an  internal  gain  of  eight,  and 
the  digitized  data  converted  back  into  absolute  power  at  the  detector. 
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A  4  wave  Fresnel  rhomb  is  used  to  rotate  the  polarization  of  the  signal 
beam  to  be  parallel  to  the  LO  beam  in  order  to  maximize  the  mixing 
efficiency  of  the  two  beams. 

The  complex  radii  of  curvature  of  the  LO  and  signal  beams  are 
adjusted  to  assure  maximum  overlap  and  mixing  at  the  detector  surface. 
The  technique  utilized  is  briefly  discussed  here  wirh  a  more  detailed 
explaination  in  section  D.  Maximum  beam  mixing  is  accomplished  by 
focusing  the  two  beams  into  a  25*/im  diameter  pinhole  by  a  condensing 
lens.  The  diffracted  wave  from  the  pinhole  is  focused  on  to  the 
detector  surface  by  a  15X  reflecting  microscope  objective,  160  mm  away 
from  the  pinhole.  A  reflecting  microscope  objective  was  chosen  to  avoid 
the  absorption  characterizing  standard  refracting  objectives  in  the  uv. 
The  smallest  focused  spotsize  at  the  detector  surface,  measured  by  a 
scanning  knife  edge  technique  is  «  1,7  pm  FWHM. 

The  detector  photocurrent  is  separated  into  rf  and  dc  components 
by  a  commercial  biasing  tee.  The  dc- photocurrent  is  measured  with  a 
picoammeter  while  an  electrometer  is  used  to  provide  a  dc  bias  for  the 
detector.  The  rf  photocurrent  from  the  detector  is  amplified  by  one  of 
several  wideband,  high- gain,  low-noise  amplifiers  covering  the  frequency 
range  from  1.0  MHz  to  18  GHz.  Narrow  band,  very  low  noise  amplifiers 
are  used  to  provide  an  improved  absolute  responsivity  measurement.  The 
gain  of  each  amplifier  was  chosen  such  that  the  -114  dbm  thermal  noise 
(plus  amplifier  noise)  could  be  seen  over  the  noise  floor  of  the  rf 
spectrum  analyzer  used  to  measure  the  amplitude  and  frequency  of  the 
heterodyne  signal.  The  -114  dbm  thermal  noise  limit  represents  a  300 -K, 
1-MHz  bandwidth,  thermal  noise  source.  A  pair  of  wideband,  dc  to  15 
GHz,  double-pole,  eight-throw  switches  permits  simple  switching  of 
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amplifiers,  except  for  the  1-500  MHz  and  8-18-GHz  amplifiers,  without 
disturbing  the  detector  position.  The  necessity  for  a  separate  low 
frequency  bias  tee  prohibited  the  1-500-MHz  amplifier  being  connected  to 
the  switching  network.  Bandwidth  considerations  obviously  dictated  that 
the  8-18-GHz  amplifier  also  has  a  separate  circuit.  The  signal  cable 
from  the  detector  is  tied  down  to  the  optical  table  to  minimize  detector 
movement  while  the  cable  is  switched  between  the  three  separate 
electronic  systems.  The  heterodyne  beatnote  signal  and  dc  photocurrent, 
respectively  measured  by  the  spectrum  analyzer  and  picoammeter,  are  then 
down  loaded  via  an  IEEE-488  bus  into  a  PC-AT  compatible  computer.  The 
computer  also  monitors  the  LO  and  signal  beam  powermeters,  so  that 
absolute  responsivity  verses  frequency  is  determined. 

The  detector  is  mounted  in  a  computer-controlled  micropositioning 
XYZ  stage  which  allows  for  precise  positioning  of  its  surface  relative 
to  the  laser  beams.  A  micropositioner  controller  drives  three  motorized 
micropositioners.  These  positioners  have  a  0.1-/im  resolution  and  «  0.3- 
A»m  repeatability  over  a  ^100-/im  range.  The  micropositioner  is  computer 
controlled  over  the  IEEE  bus.  This  high-precision  position  control 
allows  for  repeatable  beam  placement  on  the  detector  and  provides  the 
capability  for  making  detailed  high-resolution  XY  maps  of  detector 
response.  Precise  beam  focus  is  obtained  by  using  the  z-axis 
micropositioner.  This  allows  for  very  repeatable  control  of  the  focus 
position  allowing  a  reproducible  spotsize  of  2:2.1-/im  FWHM  on  the 
detector  surface.  This  computer -controlled  micropositioner  also  allows 
the  detector  to  be  moved  up  to  35  mm  away  from  focus,  for  measuring  beam 
transmission  constants,  and  returning  to  within  less  than  10  ^m  of 
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focus,  greatly  reducing  the  repositioning  time  of  the  detector  in  the 
focused  beam. 

Other  beam  diagnostic  devices,  including  a  scanning  Fabry-Perot 
etalon  and  a  spectrometer,  are  also  available  for  additional  beam 
characterization  as  needed. 

C.  System  Calibration 

In  order  to  make  absolute  responsivity  measurements,  several 
system  constants  must  be  known.  The  rf  spectrum  analyzer,  picoamraeter, 
and  calorimeter  (LO  power  meter)  were  calibrated  according  to  their 
respective  manufacturer's  directions.  Next,  a  commercial  Si  p-i-n 
photodiode  power  meter,  which  is  normally  used  as  the  signal  power 
meter,  was  calibrated  with  respect  to  the  LO  power  meter.  This  cross 
calibration  was  performed  by  first  measuring  the  reflectance  to 
transmission  ratio  of  a  beam  splitter,  and  then  placing  the  LO  power 
meter  in  the  reflected  beam  from  befun  splitter,  and  the  comercial 
photodiode  power  meter  in  the  transmitted  beam.  The  output  from  the 
oommercial  photodiode  power  meter  was  sampled  with  an  A-to-D  converter 
and  the  zero  intensity  level  was  subtracted.  From  the  measured  power  at 
the  LO  power  meter  and  the  known  transmission  ratio  of  the  beam 
splitter,  a  digital  to  analog  calibration  factor,  d>a.conv,  was 
calculated  for  this  detector.  Over  100  individual  d>a.conv  factors  were 
averaged  together  to  get  a  standard  deviation,  <0.002  of  the  average, 
and  an  average  calibration  factor  for  this  detector  over  all  operational 
settings.  This  detector  has  a  three  front  panel  settings  of  6328,  5145, 
and  4880  which  insert  different  gain  settings  at  the  output  of  the  power 
meter.  Also,  a  magnitude  multiplier,  from  0.1  to  10^  in  decade  steps, 
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can  be  set.  Hence,  the  power  at  this  commercial  photodiode  power  meter 
is  obtained  from  the  appropriate  value  for  d>a,conv,  corresponding  to 
one  of  the  three  front  panel  settings  and  the  front  panel  decade  step, 
and  the  digitized  signal  strength. 

A  second  Si  p-l-n  photodiode  was  also  cross  calibrated  to  the  LO 
power  meter.  The  LO  power  meter  and  the  second  p-i-n  detector  were 
placed  as  described  above.  The  output  of  this  photodiode  was  read  by 
the  picoammeter,  with  the  bias  provided  by  the  electrometer.  The 
photocurrent  from  the  detector  as  measured  by  the  picoammeter  was 
transfered  to  the  computer  over  the  IEEE  bus.  Again  100  data  points, 
each  corrected  for  dark  current,  were  averaged  to  get  a  dc  responsivity 
of  0.1446  ±  0,0002  Amps/Watt. 

With  these  three  calibrated  detectors,  the  transmission 
characteristics  of  the  LO  beam  and  signal  beam  could  be  measured.  The 
LO  and  signal  beam  transmission  coefficients  are  measured  each  day,  but 
not  for  each  data  run,  assuming  that  once  the  system  is  aligned,  and  not 
disturbed,  that  the  transmission  characteristics  through  the  system  are 
constant  for  the  day.  The  LO  beam- transmission  coefficient,  LO. Trans, 
is  calculated  by  taking  the  ratio  of  the  power  exiting  the  microscope 
objective  to  the  power  measured  by  the  LO  power  meter.  The  signal  beam- 
transmission  coefficient,  Slg. Trans,  is  measured  by  taking  the  ratio  of 
the  power  exiting  the  microscope  objective  to  the  power  at  the  signal 
power  meter. 

For  these  measurements,  the  three  calibrated  power  meters  are 
used.  The  calorimeter  is  set  in  its  normal  position  as  the  LO  power 
meter.  The  commercial  p-i-n  photodiode  is  used  to  measure  the  power 
exiting  the  microscope  objective.  The  second  p-i-n  photodiode  is  placed 


92 


to  sample  the  power  in  the  signal  beam,  where  the  signal  power  meter 
normally  resides.  For  each  transmission  coefficient,  100  data  points 
for  the  zero  intensity  level  are  averaged  and  this  average  dark  signal 
is  subtracted  from  the  average  of  100  data  points  under  illumination  for 
each  detector  to  give  an  average  transmission  coefficient  for  that  day. 
The  day  to  day  fluctuation  of  the  average  transmission  coefficients  is 
less  than  5%. 

The  final  calibration  is  the  gain  verses  frequency  for  the  various 
amplifiers,  cables,  and  bias  tees  used  between  the  detector  and  the  rf- 
spectrum  analyzer.  The  gain  verges  frequency  for  all  of  the  amplifiers 
from  400  MHz  to  10  GHz  was  measured  using  an  rf  network  analyzer.  The 
entire  cable^blas  tee-switch-amplifier-switch-cable  assembly  that 
connects  the  detector  to  the  rf-spectrum  analyzer  was  tested  as  a  unit. 
Hence,  any  losses  in  the  cables,  switches,  etc.  are  automatically  taken 
into  account.  The  gain  verses  frequency  data  from  the  rf -network 
analyzer  was  then  put  into  the  computer  and  a  10th  order  polynomial  fit 
to  the  data  was  performed.  This  10th  order  fit  was  performed  over  two 
frequency  ranges  for  each  amplifier.  First,  an  entire  amplifier's 
frequency  range  was  fitted.  Secondly,  only  the  frequency  range  of  a 
given  amplifier  that  was  used  for  normal  measurements  was  fitted.  Not 
surprisingly,  it  was  found  that  a  better  fit  was  possible  for  a  more 
limited  range  of  frequencies.  The  gain  verses  frequency  for  each  of  the 
amplifiers  and  the  limited  frequency  range  fit  are  shown  in  Figures  18 
to  20.  The  coefficients  of  the  polynomial  fit,  listed  in  Table  6,  for 
the  limited  range  of  frequencies  for  each  eunplifier  was  then  used  to 
correct  the  measured  rf  data  for  amplifier/cable/bias  tee  frequency 
dependency.  Due  to  the  130-MHz  lower  frequency  limit  of  the  network 
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analyzer,  the  low-frequency  bias  tee  and  1-500  MHz  amplifier  used  . 
different  set-up  to  calibrate  the  gain.  This  low  frequency  arrangement 
was  calibrated  by  using  the  -20  dbm,  100  MHz  calibration  signal  from  the 
rf  spectrvun  analyzer  as  the  test  signal.  This  calibration  signal  was 
input  into  the  electronics  and  the  total  gain  of  the  cable-bias  tee- 
amplifier-cable  assembly  was  measured  with  the  spectrum  analyzer.  A 
calibrated  20-db  attenuator  was  used  to  reduce  the  signal  in  order  to 
avoid  saturating  the  amplifier.  The  measured  45.6-db  gain  at  100  MHz 
was  assumed  to  be  flat  across  the  entire  1-500  MHz  range.  The  recently 
obtained  8-18  GHz  amplifier  has  yet  to  be  calibrated  due  to  lack  of 
availability  of  the  network  analyzer. 

D.  Beam  Alignment  Procedure 

The  alignment  of  the  signal  beam  with  respect  to  the  LO  beam  is  of 
extreme  importance  in  heterodyne  measurements.  The  heterodyne  beatnote 
signal  comes  from  the  term  in  the  intensity  pattern  at  the 

detector.  It  is  then  easily  seen  that  the  two  wavefronts  should  be  as 
closely  matched  as  possible.  To  achieve  tnis  matching  a  25-^m  diameter 
pinhole  is  used.  A  75-mm  focal  length  condensing  lens  focuses  the  two 
unmatched  beams  onto  the  pinhole.  Diffraction  through  the  pinhole,  its 
diameter  being  smaller  than  the  >30-/im-diameter  focal  spot  of  the  beams, 
matches  the  wavefront  curvature  of  the  LO  and  signal  beams.  The  first 
Airy  disk  of  the  diffracted  beams  slightly  overfills  the  secondary 
mirror  of  the  15X  reflecting  microscope  objective  placed  160  mm  away, 
nearly  maximizing  the  transmission  through  the  objective. 

With  the  wavefronts  matched,  the  only  parameter  left  to  adjust  is 
the  tilt  between  the  two  beams.  A  a  tilt  between  the  two  beams  that 
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produces  a  2n  phase  shift  across  the  beam  diameter  will  cause  the  total 
Integrated  intensity  in  the  beams  to  not  change  with  time.  Hence,  a 
beatnote  will  not  be  observed.  For  a  maximum  heterodyne  signal  the  tilt 
should  ideally  be  zero. 

The  tilt  between  the  two  beams  is  reduced  by  observing  the  LO  and 
signal  beams  after  several  meters  of  propagation  beyond  the  pinhole. 
First  the  LO  beam  is  centered  in  the  pinhole  by  maximizing  the  power 
through  the  pinhole.  Then  this  beam  is  propagated  a  distance  of 
approximately  12  m  and  centered  on  a  CCD  television  camera.  To  reduce 
beam  spreading,  a  lens  condenses  the  beam  onto  the  active  area  of  the 
camera.  However,  the  lens  does  not  recollimate  the  beam  as  this  would 
greatly  reduce  the  sensitivity  of  this  alignment  procedure.  Next,  the 
signal  beam  is  observed  by  the  camera.  Its  position  is  adjusted  to  give 
maximum  transmission  through  the  pinhole,  while  having  its  peak 
intensity  co- located  with  the  peak  intensity  of  the  LO  beam  as  seen  by 
the  CCD  camera.  If  care  is  taken  to  adjust  the  intensity  of  both  beams 
to  be  nearly  equal  at  the  camera  then  the  intensity  patterns  of  both 
beams  are  seen  to  be  nearly  identical.  With  this  technique  a  distance 
of  1  mm  between  the  two  peak  intensities  at  the  CCD  camera  is  equal  to 
an  8-/irad  tilt  between  the  beams.  A  h-wavelength  phase  walk-off  at  the 
detector  corresponds  to  a  4.5  /irad  tilt  between  the  beams.  It  is 
straight  forward  to  align  the  beams  to  have  less  than  a  0.05  mm 
difference  between  beam  centers  at  the  CCD  camera,  implying  1/10 
wavelength  tilt  between  the  beams,  or  less,  at  the  detector. 

The  net  efficiency  of  this  alignment  technique  can  be  monitored  by 
comparing  the  low-frequency  extapolation  of  the  rf -heterodyne  quantum 
efficiency  to  the  dc  quantum  efficiency  for  a  known  detector.  A 
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commercial  Si  p-in  photodiode,  not  the  signal  power  meter,  with  a  well 
characterized  response  was  tested  to  measure  the  mixing  efficiency.  The 
results  are  shown  in  Figure  21.  The  rf  measurements  show  the  specified 
±  3-db  roll-off  point  of  ^100  MHz  and  the  extrapolated  rf  signal  matches 
the  measured  dc  response.  The  lowest  measurable  rf  frequency  in  the 
system  is  1  MHz.  The  lower  bound  to  the  heterodyne  frequency  range  is 
limited  by  two  factors.  First,  the  lowest  frequency  amplifier  cuts  off 
below  1  MHz.  Second,  due  to  jitter  of  the  LO  frequency,  the  rf- spectrum 
analyzer  must  use  a  1-MHz  sampling  window  in  order  to  get  accurate 
measurements.  The  measured  drift  between  the  LO  and  signal  beams  is  in 
excess  of  100  MHz  per  hour.  The  frequency  jitter  in  the  beatnote  is 
such  that  a  smaller  sampling  window  does  not  collect  all  of  the  rf 
signal  resulting  in  a  reduced  beatnote  signal.  A  larger  sampling  window 
of  3  MHz,  however,  does  not  change  the  beatnote  amplitude  from  the  1-MHz 
window . 

The  matching  of  the  dc  and  extrapolated  rf  measurements  indicates 
that  the  tilt  between  the  two  beams  is  less  than  1/10  of  a  wavelength. 
This  is  seen  by  actually  calculating  the  mixing  efficiency,  m,  of  two 
gaussian  beams  of  equal  spot  size,  but  with  different  tilts  as  has  been 
shown  above  in  Chapter  II.(Eqns  21-26)  The  mixing  efficiency  versus 
tilt  has  been  plotted  in  Chapter  II,  Fig.  5,  and  tabulated  in 
Table  1.  Hence,  the  mixing  efficiency  between  the  two  beams  must  be 
2:  0.95  to  fit  the  data,  implying  that  the  prescribed  alignment  procedure 
reduces  the  residual  tilt  between  the  LO  and  signal  beams  to  <  0.1 
wavelength  across  the  beam. 
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E.  Detector  Alignment 

Once  the  two  beams  are  aligned  they  must  be  accurately  placed  on 
the  detector.  First,  the  detector  is  moved  »  1  mm  away  from  focus. 

Using  the  floresence  of  a  white  business  card  when  illuminated  by  uv 
light,  the  detector  surface  can  then  be  seen  in  the  reflected  light  to 
get  a  rough  position.  The  detector  is  then  moved  toward  focus  in  O.l-mra 
steps  keeping  the  active  area  of  the  detector  within  the  beam.  About 
0.1  mm  away  from  focus,  the  active  area  of  the  detector  fills  the  region 
that  can  be  seen  in  the  reflected  light.  This  region  is  then  centered 
in  the  beam.  A  beatnote  is  usually  detectable  at  this  point.  Taking 
the  detector  in  the  last  0.1  mm  causes  all  definition  in  the  reflected 
spot  to  be  lost.  If  the  beatnote  is  still  seen  on  the  rf  spectrum 
analyzer,  then  the  beam  position  is  close  enough  for  fine  focus 
adjustment.  If,  however,  a  beatnote  is  not  observed,  the  detector  needs 
to  be  backed  out  from  focus  until  the  beatnote  reappears  and  the 
detector  centered  in  the  beam  by  peaking  the  beatnote  signal. 

Fine  adjustment  of  beam  focus  uses  a  scheme  much  like  a  confocal 
microscope.  A  sensitive  Si  photodiode  detector  is  placed  to  measure  the 
reflected  light  returning  from  the  detector  and  going  back  through  the 
25-/im  mode-matching  pinhole.  Maximum  transmission  back  through  the 
pinhole,  towards  the  LO  laser,  will  be  obtained  when  the  detector  is  at 
the  focus  of  the  beam.  Before  these  fine  adjustments  are  made,  the 
detector  is  moved  »  50  ^m  from  the  active  area,  perpendicular  to  the 
focus  axis,  in  order  to  avoid  problems  caused  by  the  detector 
construction  (edges  of  the  metalization,  dielectric  window,  bonding 
pads,  etc).  Then  the  sample  is  scanned  to  maximize  the  transmission 
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through  the  pinhole  of  the  reflected  beam.  The  point  of  maximum 
transmission  through  the  pinhole  corresponds  to  the  best  focus. 

Once  focus  is  established,  the  detector  is  returned  to  the 
position  where  a  beatnote  was  previously  observed,  without  disturbing 
the  focus  position.  A  longitudinal  scan,  parallel  to  the  gap  region,  of 
the  dc  photocurrent  versus  position  is  recorded.  If  the  beam  goes 
across  one  of  the  metal  pads  as  shown  in  Fig.  22a,  then  the  photocurrent 
looks  similar  to  that  shown  in  Fig.  22b  where  the  peaks  occur  at  the 
semiconductor-metal  interfaces.  The  center  of  the  valley  is  arbitrarily 
defined  as  y  -  0.  Once  the  y,  or  longitudinal  position,  is  defined  then 
the  X,  or  transverse,  axis  is  defined.  The  beam  is  scanned 
perpendicular  to  the  gap  and  the  dc  photocurrent  is  recorded.  Two  scans 
are  made  in  this  direction,  one  with  a  bias  on  the  detector,  and  the 
second  with  zero  bias.  The  resulting  photocurrents  are  shown  in  Fig. 

23.  The  non-zero  bias  curve  is  used  to  measure  the  beam  spot  size  with 
the  distance  between  the  peak  and  the  50%  point  on  the  steepest  side 
defined  as  the  HWHM  spot  size  of  the  beam.  The  second  trace  shows 
absolute  dc  photocurrent  versus  position  at  zero  bias.  Due  to  the 
symmetry  of  the  detector,  a  current  will  flow  in  the  external  circuit  if 
the  beam  is  not  exactly  centered.  Again  by  symmetry,  the  sign  of  the 
current  changes  as  the  beam  position  moves  across  the  center  of  the  gap. 
The  minimum  of  the  absolute-unblased-dc  photocurrent  is  taken  to  be  gap 
center  and  defined  as  the  x  -  0  position.  The  beam  can  be  centered 
perpendicular  to  the  gap  to  better  than  0.1  /im,  the  resolution  of  the 
micropositioner.  Due  to  a  slight  asymmetry  in  the  electrical  circuit, 
there  may  exist  a  slight  electrical  Imbalance  in  the  zero-bias  detector. 
This  asymmetry  may  shift  the  null  position  of  the  unbiased  photocurrent 
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subtly  from  gap  center.  The  sharpness  of  this  unbiased  photocurrent 
suggests  that  a  very  sensitive  position  sensor  is  possible  with  these 
detectors . 

Since  the  responsivity  of  the  detector  is  very  position  dependent, 
several  frequency  response  curves  of  a  2.0-im  gap  device  were  made.  At 
a  3*V  bias,  four  different  scans  were  made  over  a  two  day  period. 

Between  each  scan,  the  detector  was  moved  and  then  repositioned  back  to 
X  -  y  -  0  as  defined  above.  The  LO  and  signal  beams  were  also  realigned 
on  the  second  day  to  further  test  the  reproducibility  of  our  beam 
alignment  technique.  The  average  of  the  four  scans  are  shown  in  Fig. 
24.  A  standard  deviation  of  the  four  data  sets  was  calculated  for 
similar  frequencies  in  each  set  and  is  also  shown.  The  resulting 
standard  deviation  was  <0.20,  or  1  db,  of  the  signal  at  any  given 
frequency,  showing  excellent  day  to  day  reproducibility  not  only  of 
detector  placement  in  the  beam,  but  also  of  the  beam  alignment 
technique . 
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Figure  17:  UV  Heterodyne  System. 
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Figure  18:  Gain  versus  Frequency  for  the  400  MHz  to  2.0  GHz  Amplifier. 
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Figure  19:  Gain  versus  Frequency  for  the  2.0  GHz  to  8.0  GHz  Amplifi 
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Figure  20;  Gain  versus:  Frequency  for  the  5.0  GHz  to  10.0  GHz  Amplifier. 
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Figure  21;  Mixing  Efficiency  Test. 
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Figure  22:  Beam  Alignment  on  the  Detector  Parallel  to  the  Detector  Gap. 
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Figure  23:  Beam  Alignment  on  the  Detector  Perpendicular  to  the  Detector 
Gap . 
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b.  Photocurrent  versus  beam  position 
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Figure  24:  Day-to-Day  Reproducibility. 
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Table  6:  Coefficients  for  10th  Order  Fit  for  Amplifier  Gain  as  a 
Function  of  Frequency  (G(db)  -  Sa^f") 


COEF. 

AMPLIFIER 

a 

n 

400  MHz  to 

1 . 7  GHz  to 

5.4  GHz  to 

2.0  GHz 

5.5  GH.: 

10.0  GHz 

10 

56.615409740220 

0.0000706449132 

-0.034669985181 

9 

-664.3680499821 

-0.107262584531 

2.7136987373078 

8 

3372.122544016 

3.6073214222297 

-95.05280304701 

7 

-9076.475989137 

-53.13833277679 

1961.825136566 

6 

17466.52438043 

446.0212103961 

-26419.08780396 

5 

-20437.32224607 

-2341.092570918 

242534.15840953 

4 

15666.62864537 

7939.527076572 

-1537044.876502 

3 

-7697.071714606 

-17330.78570514 

6639520.52524 

2 

2262.1940293763 

23381.26270615 

-18708024.97379 

1 

-335.553673821 

-17606.59456297 

31047879.6:3476 

0 

55.85331438977 

5666.937584102 

-23045989.86179 

Chapter  IV 


Experimental  Results 


A.  Introduction 

In  this  chapter  the  results  of  several  experiments  and  comparisons 
with  theory  are  presented.  The  d.c.  current  versus  bias  for  both  dark 
and  illuminated  cases  are  presented  a  number  of  different  detector 
geometries.  The  model  derived  in  Chapter  II  is  compared  to  the  high- 
frequency  response  data  for  three  planar  gap  detectors  with  gap 
dimensions  of  1.0,  3.0  and  4.5  pm  under  a  variety  of  test  conditions. 

The  low-frequency  behavior  of  the  planar  gap  detectors  is  compared  to  a 
simple  pole.  The  frequency  response  of  the  planar  gap  devices  are 
compared  to  the  interdigitated  detectors.  Finally,  maps  of  the 
responsivity  of  the  detector  surface  will  presented  and  correlated  to 
the  applied  electric  field. 

B.  Experimental  Procedure 

Once  the  heterodyne  system  is  aligned  and  the  detector  positioned 
in  the  system,  as  described  in  the  previous  chapter,  a  number  of  basic 
experiments  were  performed  on  each  detector.  The  tests,  comprising  a 
full  basic  data  set  on  each  detector,  include: 

determination  of  d.c.  quantum  efficiency  versus  bias  voltage. 

■  determination  of  NEP  versus  bias  voltage. 

■  Frequency  response  versus  bias  voltage  at  a  given  position  on 
the  detector. 

■  Frequency  response  versus  position  for  a  given  bias  voltage. 

■  Responsivity  maps  of  detector  surface  versus  bias  at  d.c.,  1. 


109 


5,  and  9 -GHz. 

Each  of  these  tests  are  now  discussed  in  more  detail. 

The  first  experiment  performed  on  a  detector  is  a  current  versus 
voltage  (I-V)  scan.  Scans  were  made  under  both  illuminated  and  dark 
conditions  with  an  =  2.0 -pm  FWHM  spot  near  the  center  of  the  detector 
gap.  Only  a  positive  voltage  scan  is  taken  since  the  detectors,  being 
back-to-back  diodes,  should  be  symmetrical  to  a  change  in  bias  polarity. 
A  cursory  check  of  the  electrical  symmetry  is  made  and  any  detector  that 
is  not  symmetrical  to  a  change  in  polarity  is  discarded.  Then,  the 
current  versus  bias-voltage  curve  is  taken.  At  each  bias,  the  detector 
is  illuminated  by  the  local  oscillator  and  the  induced  photocurrent  is 
measured.  The  dark  current  at  this  bias  is  also  measured.  The  d.c. 
responsivity  of  the  detector  is  calculated  by  subtracting  the  dark 
current  from  the  photocurrent  and  then  dividing  the  remainder  by 
The  d.c.  quantum  efficiency  is  determined  by  multiplying  the  d.c. 
responsivity  by  -  3.71,  where  ftWyj  photon  energy  for 

334.5  nm  light  and  q  is  the  unit  of  charge.  The  NEP  (noise -equivalent 
power)  of  the  detector  is  calculated  by  dividing  the  dark  current  by  the 
d.c.  responsivity.  The  d.c.  quantum  efficiency,  NEP,  and  dark  current, 
are  recorded  for  each  bias.  The  biases  used  range  from  near  zero  to  a 
near  maximum  value  of 

-  (106  V/cm)(2Xj.).  (91) 

where  10®  V/cm  is  the  magnitude  of  the  electric  field  for  the  onset  of 
avalanche  breakdown,  and  2Xg  is  the  electrode  gap  spacing.  Now,  from 
Chapter  II,  it  is  known  that  is  above  the  maximum  bias  needed  for 
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avalanche  breakdown.  The  onset  of  avalanche  breakdown  is  easily  seen  as 
an  increase  in  the  slope  of  the  dark  current  curve.  The  bias  for  each 
detector  was  increased  until  the  onset  of  avalanche  breakdown  was 
unmistakable.  This  was  always  at  a  bias  less  than  and  was  near 

the  maximum  bias  predicted  in  Chapter  II  for  non-avalanche  breakdown. 
These  curves  are  discussed  in  more  detail  later. 

After  the  d.c.  I-V  characteristics  were  determined  for  a  detector, 
a  frequency  response,  R(w) ,  was  measured  for  three  different  biases. 

The  2.0-fim  FWHM  spot  was  again  positioned  near  the  detector  center,  and 
its  position  recorded.  R(w)  was  measured  from  1-MHz  to  10-GHz  with  four 
separate,  but  overlapping,  frequency  scans.  The  dye  laser  was  set  to 
slightly  overscan  each  of  the  four  frequency  ranges.  This  overscanning 
was  needed  to  insure  that  there  was  some  overlap  between  each  frequency 
range.  Since  each  frequency  range  used  a  separate  amplifier,  it  is 
important  that  there  be  some  overlap  between  the  ranges  in  order  to 
determine  that  nothing  has  changed  between  scans.  Unfortunately,  the 
overscanning  of  the  dye  laser  had  one  drawback,  while  the  beatnote  is 
outside  of  the  set  frequency  range,  the  rf-spectrum  analyzer  kept  on 
taking  data,  recording  the  noise  floor  of  the  amplifier  as  data, 
resulting  in  data  dropouts  in  the  scan.  The  large  signal- to-noise 
ratio  of  the  data,  however,  makes  these  data  dropouts  easily  seen  and 
removed.  The  data  was  reduced  to  give  R(w)  by  first  dividing  out  the 
gain  versus  frequency  of  the  electronics,  (see  Chapter  III)  Then  the 
amplifier  compensated  data  was  used  to  calculate  R(w)  as  given  by  Eqn  20 
in  Chapter  II.  The  data  drop  outs  from  the  overscanning  of  the  dye 
laser  were  then  removed  and  a  7-point  averaging  was  used  to  slightly 


smooth  the  data. 
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The  three  voltages  used,  V^,  and  V^,  were  picked  from  the 
results  of  the  I-V  curve  data.  V^,  the  largest,  was  always  near,  but 
always  below,  the  bias  where  the  onset  of  avalanche  breakdown  was  first 
observed.  The  lowest,  V^,  was  near  the  lower  limit  for  constant  drift 
velocity  operation  as  described  in  Chapter  II.  The  third  bias,  V^,  was 
picked  to  be  approximately  midway  between  and  V^. 

Having  measured  R(tj)  versus  bias,  the  charge  in  R(w)  versus 
position  is  measured  next.  As  predicted  in  Chapter  II,  the  most 
substantial  change  in  R(w)  with  position  was  observed  at  the  lower 
biases.  Hence,  for  all  of  the  position  studies,  the  bias  was  set  at  V^. 
R(w)  was  measured  at  three  positions,  x_,  x^,  and  x^.  The  x^  position 
was  always  the  center  position  used  for  the  two  previously  decribed 
experiments,  x.  was  the  position  of  maximum  response  for  an  =*  9 -GHz 
beatnote,  while  x^  was  sufficiently  far  enough  away  from  x^  to  give  a 
discernable  change  in  the  9 -GHz  response.  Defining  the  center  of  the 
gap  as  X  -  0,  a  positive  position  on  the  micropositioner  moves  the  beam 
closer  to  the  anode  and  a  negative  value  positions  the  beam  nearer  the 
cathode.  As  with  the  R(w)  versus  Bias  data,  the  R(w)  versus  position 
was  then  calculated. 

The  final  data  set  taken  was  to  map  out  the  responsivity  of  the 
detector  surface  at  three  different  bias  conditions.  Maps  of  the  d.c., 
1-GHz,  5-GHz,  and  9-GHz  responses  were  made  at  each  bias.  A  map 
consists  of  an  40x40  grid  of  data  points  with  a  2.0-pm  data  point 
separation.  The  responsivity  was  calculated  and  displayed  on  a  three 
dimensional  plot  with  the  third  axis  being  the  responsivity  at  the  given 
x,y  coordinate.  Contour  plots  of  the  map  were  also  made.  The  three 
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biases  used  for  the  maps  were  the  same  as  used  In  determining  the  R(a)) 
versus  Bias  curves. 

C.  Data  Fitting 

The  R(w)  calculated  from  the  heterodyne  measurements  is  now  fit  to 
the  model  of  Chapter  II  by  a  "downhill  simplex”  method.^  The  "downhill 
simplex"  method  is  a  relatively  simple  data  fitting  routine  that  can 
handle  up  to  10  variables  simultaneously.  The  routine  attempts  to 
minimize  the  residual  error  between  the  supplied  data  set  and  a 
parameterized  mathematical  model  by  a  number  of  simple  iterations.  The 
simplex  method  is  one  where,  for  n  variables,  a  n  +  1  simplex  is 
defined.  The  vertice  of  the  simplex  with  the  largest  residual  error, 
and  therefore  worst  fit,  is  moved  with  respect  to  the  geometric  center 
of  the  simplex.  The  vertice  is  moved  in  a  set  pattern  about  the  line 
connecting  it  with  the  geometric  center  of  the  simplex  until  a  position 
of  lower  residual  error  is  found.  Once  a  new  position  for  the  vertice 
is  found,  the  residual  error  of  all  the  vertices  are  compared  and  the 
vertice  of  the  new  simplex  with  the  worst  residual  error  is  again  moved. 
Each  vertice  represents  a  given  set  of  the  n  variables.  While  a  move  of 
a  vertice  may  indeed  lower  the  residual  error  of  the  model  to  the  data, 
there  is  no  guarantee  that  the  new  position  will  have  all  of  its 
variables  closer  to  the  true  values.  Thus,  even  though  the  routine 
moves  a  vertice  of  the  simplex  to  get  a  better  fit  to  the  data,  one  of 
the  variables  may  have  a  worse  fit  at  this  new  position  than  at  the  old 
position.  However,  given  a  sufficient  number  of  iterations  the  problem 
is  overcome  and  the  simplex  will  converge  to  an  answer  that  minimizes 
the  residual  error  between  model  and  data. 
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As  with  most  data  fitting  routines,  the  minimization  of  the 
residual  error  between  model  and  data  does  not  guarantee  that  this  fit 
is  the  absolute  best  fit  in  a  global  sense.  The  routine  just  looks  for 
a  position  of  minimum  error  between  model  and  data  with  respect  to  its 
local  surroundings.  To  test  for  a  local  versus  a  global  minimum,  the 
data  fitting  routine  must  be  run  several  times,  with  different  starting 
parameters,  to  test  if  the  same  answer  is  always  found  at  the  end  of  the 
fitting  procedure.  This  was  accomplished  by  letting  the  simplex  routine 
run  for  400  iterations.  It  was  found  that  after  400  iterations,  the 
simplex  routine  typically  had  converged  to  the  best  fit  it  was  going  to 
find  for  that  run.  After  a  run,  the  value  of  the  variables  at  the  end 
of  the  data  run  was  used  to  determine  the  values  of  the  new  variable 
points  for  the  next  run.  The  new  data  points  were  calculated  by 
multiplying  the  old  data  points  by  a  random  number  close  to  unity.  The 
deviation  from  unity  was  decreased  for  each  successive  run.  Thus,  as 
the  number  of  full  fits  perfomned  by  the  simplex  routine  increased,  the 
amount  of  randomization  decreased.  This  is  necessary  in  the  event  that 
a  local  minimvun  is  close  to  the  global  minimum.  At  some  point, 
depending  upon  the  separation  between  the  two  minima,  the  randomization 
of  the  variables  will  not  be  enough  to  start  the  simplex  outside  of  the 
global  minimum  valley  and  thus  a  local  minimxim  will  not  be  encountered 
by  the  simplex  routine.  The  1-MHz  to  10-GHz  R(w)  data  set  was  fit  to 
the  model  in  two  steps.  The  existence  of  low-frequency  gain  in  msm 
devices  is  well  known  end  not  modeled  by  the  theory  in  Chapter  II.  To 
avoid  this  low-frequency  gain,  the  theoretical  responsivity,  given  by 
Equation  82  in  Chapter  II,  was  fit  to  the  5  to  10-GHz  subset  of  the 
data.  It  was  assumed  that  the  low-frequency  gain  mechanism  in  the  msm 
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devices  was  sufficiently  small  at  these  frequencies  so  as  to  be 
neglected.  The  existence  of  the  inductance  in  the  rf -microwave  package 
was  taken  into  account,  since  it  appears  that  this  will  be  the  major 
contributor  to  the  roll  off  of  the  data.  The  relationship  between  the 
responsivity  of  the  detector,  ,  and  the  actual  responsivity 

which  includes  the  effects  of  the  rf  package  is  given  by, 

R.(w) -  (92) 

1  +  iw(L/R) 

where  L  is  the  inductance  of  the  rf  package  and  R  is  the  50-0 
termination  resistor  of  the  rf  amplifier.  First,  the  high-frequency  fit 
(5  to  10 -GHz)  was  performed  on  all  of  the  versus  Bias  data.  Bulk 

values  for  drift  velocities,  diffusion  constants,  and  minority  carrier 
lifetimes  were  used  for  the  model.  The  assumed  position  of  the  beam  on 
the  detector  was  also  used,  as  was  a  2.0-fim  FWHM  Gaussian  beam.  The 
data  fitting  routine  then  determined  the  -3  db  point  in  frequency  of  the 
rf  package  and  the  overall  amplitude  constant  that  best  fit  the  data. 

The  average  of  the  -3  db  points  was  taken  to  calculate  the  inductance  of 
the  bonding  wire  for  that  detector.  This  average  inductance  for  a  given 
detector  was  then  used  in  the  fitting  of  all  the  R(w)  versus  position 
data  for  that  detector.  The  drift  velocities,  diffusion  constants,  and 
minority  carrier  lifetimes  were  set  to  their  values,  for  the  given  bias, 
tabulated  by  Sze^ .  The  -3  db  point  of  the  package  was  set  to  the 
average  value  previously  determined.  The  data  fitting  routine  then 
varied  the  overall  amplitude  constant  and  beam  position  of  the  2.0-^m 
FWHM  spot  on  the  detector  to  arrive  at  a  best  fit.  The  fitted  values  of 
the  beam  position  to  the  known  beam  position  for  the  R(w)  versus 
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position  data  sets  is  then  checked.  Self  consistency  between  the  total 
amount  of  beam  translation  in  the  experiment  and  the  total  amount  of 
be^ull  translation  found  by  the  data  fit  was  taken  as  an  indication  of  a 
proper  fit  to  the  data  by  the  model.  The  total  distance  moved  by  the 
beam  across  the  detector  is  used  instead  of  the  actual  values  for  and 
x_,  since  it  is  not  known  that  x  -  0  lies  precisely  in  the  middle  of  the 
gap. 

Once  a  self-consistent  fit  is  found  to  the  high-frequency  data, 
the  entire  data  set  is  fit  to  the  svim  of  the  high-frequency  model  and  a 
low-frequency  simple  pole.  The  values  of  the  variables  for  the  high- 
frequency  model  portion  for  this  full  data  fit  is  taken  from  the  high- 
frequency  data  fits.  The  simplex  routine  then  determines  the  value  of 
the  low-frequency  pole  amplitude  and  -3  db  point  in  frequency  that  will 
best  fit  the  entire  data  set  when  added  to  the  high-frequency  model. 

D.  Saturation  and  Band  Bending  Test 

In  all  of  the  derivations  in  Chapter  II  involving  the  current  in  a 
detector,  the  carrier  drift  velocities  were  assumed  constant.  Also,  the 
large  signal- to-noise  ratio  assumes  that  the  detector  can  be  driven  hard 
enough,  without  saturating  the  detector,  so  that  the  shot  noise  from  the 
d.c.  photocurrent  dominates  the  other  noise  sources.  It  was  shown  in 
the  previous  chapter  that  the  shot  noise  could  indeed  be  made  to  be  the 
predominant  noise  source.  However,  the  issue  of  whether  or  not  the 
detector  is  saturated  was  not  explored.  Also,  a  calculation  showed  that 
the  band  bending  due  to  the  space  charge  of  the  photogenerated  electrons 
and  holes  should  be  negligible.  Experimental  results  proving  that  both 
band  bending  and  saturation  are  not  occurring  is  now  presented. 
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A  4.5-/im  planar  gap  detector  was  used  for  this  study.  The  planar 
geometry  was  chosen  because  it  will  be  compared  to  the  model  in  Chapter 
II,  which  cannot  be  done  with  the  interdigitated  detectors.  The  4.5-^m 
gap  was  chosen  so  that  the  most  light  could  fall  on  the  detector  and 
that  the  electrons  and  holes  could  have  the  maximum  separation  before 
being  collected  by  the  electrodes.  A  2.0-tm  FWHM  spot  size  beam  was 
located  in  the  middle  of  the  detector  gap  and  the  detector  was  biased  at 
10  V.  RCw)  was  measured  from  5-GHz  to  10-GHz  at  three  different  local 
oscillator  powers.  The  three  curves  are  shown  in  Figure  25.  The  near 
parallel  behavior  of  the  three  curves  indicates  that  there  is  no  band 
bending  present  in  these  detectors,  even  at  this  low  bias.  If  band 
bending  were  present,  the  space  change  field  that  produces  the  bending 
would  oppose  the  applied  electric  field  and  the  drift  velocity  of  charge 
carriers  would  not  be  constant  across  the  detector.  The  net  effect  of 
band  bending  would  be  to  reduce  the  high  speed  responsivity  of  the 
detector  at  higher  LO  power  levels.  A  linear  fit  to  the  data  shows  that 
the  0.743-mW,  0.376-mW,  and  0.217-mW  curves  have  slopes  of  -0.00108, 
-0.00129,  and  -0.00111  A/(W.GHz),  respectively.  The  0.376-mW  curve 
shows  the  steepest  slope  while  the  other  two  are  nearly  identical.  If 
band  bending  were  a  problem,  then  the  slope  of  the  0.217-mW  curve  should 
be  less  than  both  of  the  higher  power  curves.  Since  this  is  not  the 
case,  it  is  concluded  that  band  bending  is  not  a  factor  for  the  present 
set  of  experiments. 

Detector  saturation  would  be  exhibited  as  a  sublinear  responsivity 
as  a  function  of  the  incident  power.  The  reader  is  reminded  that  the 
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reponsivity  is  given  by 
i(w) 

R(w) - 

(2PloPs)''" 


(93) 


where  i(w)  is  the  current  out  of  the  detector  and  (2Pj^QPg)  is  the 
heterodyne  power  incident  upon  the  detector.  Consequently,  if  the 
detector  photocurrent  is  linear  with  incident  power,  then  the 
responsivity  is  not  a  function  of  incident  power.  The  three  curves  in 
Figure  25  show  that  the  responsivity  is  independent  of  incident  beam 
power.  The  d.c.  intercepts  of  the  three  linear  fits  are  0.021,  0.022, 
0.020  A/W  with  a  standard  deviation  of  0.0020  A/W,  going  from  high  to 
low  power,  respectively.  A  saturation  effect  would  be  indicated  by  an 
increasing  responsivity  with  decreasing  power.  This  is  clearly  not  the 
case.  With  over  a  factor  of  three  difference  in  the  incident  power  the 
d.c.  intercepts  do  not  change  by  more  than  one  standard  deviation.  It 
is  clearly  seen  that  this  detector's  responsivity  and  frequency  response 
are  not  functions  of  the  incident  power.  Since  the  smaller,  3.0  and 
1.0-/im,  detectors  collect  less  light  than  the  4.5-/im  detector,  it  can  be 
reasonably  assumed  that  these  smaller  detectors  will  also  not  suffer 
saturation  and/or  band  bending  effects. 


E.  DC  current  versus  voltage  results 

The  results  of  the  d.c.  current  versus  bias,  or  I-V,  measurements 
are  now  presented.  The  dark  current  and  d.c.  quantum  efficiency  are 
plotted  versus  bias  for  all  six  msm  detectors  tested.  The  I-V  curves 
for  the  three  interdigitated  detectors  are  shown  in  Figure  26.  The  dark 
current  for  all  three  detectors  follows  similiar  behavior  in  that  it  is 
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very  low  and  relatively  constant  with  bias  until  some  threshold  bias  is 
reached.  At  this  threshold  bias,  the  dark  current  increases  nonlinear ly 
with  bias,  probably  due  to  the  onset  of  avalanche  breakdown.  This  will 
be  discussed  more  fully  later  in  conjunction  with  the  planar  gap  I-V 
curve  results.  The  d.c.  quantum  efficiency  shows  some  similarities 
between  all  three  of  the  interdigitated  detectors.  All  three  detectors 
exhibit  a  region  of  near  linear  Increase  in  the  d.c.  quantum  efficiency 
with  increasing  bias.  The  3.0  and  1.0-;im  detectors  show  that  this 
linear  region  extends  down  to  0-V  bias.  The  4.5-/xm  device  shows  a 
distinct  turn  on  behavior  with  the  linear  region  starting  as  low  as 
1.0-V  Bias.  A  slight  hint  of  this  turning  on  behavior  may  be  seen  in 
the  3.0-/im  detector  below  0.5  V,  but  it  is  so  small  as  to  be  almost 
negligible.  The  4. 5 -pm  and  3.0-pm  detectors  also  show  a  definite  break 
in  the  d.c.  quantum  efficiency  at  higher  biases  occuring  at  the  same 
bias  as  the  dark  current  starts  its  rapid  increase.  At,  or  very  near, 
to  the  avalanche  breakdown  voltage  derived  in  Chapter  II,  the  d.c. 
quantum  efficiency  sharply  decreases  in  the  two  larger  detectors.  It 
was  observed  that  at  these  biases  the  dark  current  was  a  major  portion 
of  the  total  d.c.  photocurrent,  hence  reducing  the  quantum  efficiency. 
The  1.0-pm  detector,  however,  did  not  exhibit  any  of  these  nonlinear 
behaviors  in  its  d.c.  quantum  efficiency.  The  maximum  applied  field  to 
this  detector  was  the  same  as  for  the  other  two,  therefore  a  lack  of 
field  strength  was  not  the  reason  that  this  behavior  was  not  seen. 

The  I-V  characteristics  for  the  planar  gap  detectors  are  shown  in 
Figure  27.  Many  similarities  with  the  Interdigitated  detectors  are 
clearly  seen.  The  dark  current  for  the  4.5  and  3.0-pm  planar  gap  device 
shows  the  same  behavior  as  their  interdigitated  counterparts.  The  break 
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in  the  dark  I-V  curve  occurs  at  approximately  the  same  bias  for 
Interdigitated  and  planar  gap  devices.  The  4.5-/im  device  shows  the 
probable  onset  of  avalanche  breakdown  at  about  30  to  35  volts.  This  is, 
as  previously  mentioned,  seen  as  the  sharp,  nonlinear.  Increase  in  the 
dark  current  with  bias.  The  onset  of  avalanche  breakdown  in  3.0-/im  gap 
detectors,  both  planar  and  interdigitated,  is  seen  to  occur  around  24  to 
25  volts.  These  threshold  biases  for  the  onset  of  avalanche  breakdown 
are  somewhat  below  the  42-V  and  29-V  biases  for  the  onset  of  avalanche 
breakdown  computed  in  Chapter  II  for  a  4.5-Mm  and  3.0-/im  gap  device, 
respectively.  A  possible  reason  for  this  is  the  presence  of  the  sharp 
comers  on  the  electrodes  for  these  detectors.  It  is  well  known  that 
the  field  around  a  sharp  corner,  similar  to  a  lighting  rod,  is  much 
higher  than  around  a  planar  region.  Thus,  the  fields  around  these 
comers  will  reach  the  10®-V/cin  threshold  for  avalanche  breakdown  at  a 
lower  bias  than  would  a  set  of  parallel  electrodes,  with  no  corners. 

The  quantum  efficiency  of  the  planar  4.5  and  3.0*;im  gap  devices  show 
similar  behavior  with  bias.  Both  the  interdigitated  and  planar  gap 
devices  show  a  region  of  turn  on  at  low  biases.  This  turn-on  region  is 
more  easily  seen  in  the  planar  gap  detectors  than  for  the  interdigitated 
ones.  This  result  could  again  be  due  to  the  presence  of  the  corners  in 
the  electrodes.  By  design,  the  interdigitated  detectors  have  many  more 
corners  than  do  the  planar  detectors.  Therefore,  the  average  field 
inside  the  detector  will  be  higher  for  the  Interdigitated  than  for 
planar  detectors  of  the  same  gap  dimension  and  at  the  same  bias.  Both 
types  of  detectors  exhibit  a  region  of  nearly  flat  d.c.  quantum 
efficiency  with  a  decrease  in  the  quantum  efficiency  roughly  correlated 
with  the  bias  where  the  dark  current  starts  to  increase.  The  decrease 
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in  the  d.c.  quantum  efficiency  seen  in  the  interdigitated  detectors  was 
not  detected  in  the  planar  gap  detectors  over  the  bias  range 
investigated.  The  reason  for  this  is  the  maximum  bias  applied  to  the 
planar  detectors  was  that  which  the  peak  d.c.  quantum  efficiency  was 
observed  in  the  interdigitated  detectors.  The  planar  detectors  were  not 
biased  any  higher  because  the  dark  current  was  so  large  at  this  bias, 
that  the  possibility  of  burning  out  the  detector  appeared  to  be  very 
good  if  the  voltage  was  increased  further.  In  fact,  for  the  4.5  and 
3.0-/xm  detectors,  it  was  seen  that  the  planar  gap  detectors  had 
significantly  larger  dark  currents  than  their  interdigitated 
counterparts  at  any  given  bias.  Leakage  currents  in  diodes  should  scale 
linearly  with  the  diode  area,  assuming  a  constant  leakage  current 
density.  The  interdigitated  detectors  have  less  Ni-Si  contact  area  than 
their  planar  counterparts.  Yet  the  change  in  area  between  the  planar 
and  interdigitated  is  not  sufficient  to  account  for  this  discrepency. 
This  result  is  not  fully  understood. 

A  notable  exception  to  all  of  the  above  is  the  1.0 -^m  gap 
detectors.  Both  the  planar  and  interdigitated  detectors  showed  a  linear 
increase  with  bias  in  their  respective  d.c.  quantum  efficiencies, 
starting  at  0-V  bias.  The  interdigitated  detector  maintained  this 
linear  region  out  to  10-V  bias,  where  avalanche  breakdown  should  occur. 
The  quantum  efficiency  of  the  planar  detector  Increased  linearly  to  a 
bias  of  1.25  V  and  then  remained  constant  with  further  increases  in 
bias.  The  dark  current  in  the  interdigitated  detector  followed  a 

behavior  similar  to  the  larger  gap  devices.  A  region  of  low  dark 
current  was  observed,  with  a  rapid  increase  in  dark  current,  presumably 
the  onset  of  avalanche  breakdown,  starting  about  4.5  to  5-V  bias. 


Notable,  though,  is  that  the  d.c.  quantum  efficiency  continues  to  rise 
linearly  with  bias  out  to  10  V  and  does  not  decrease  as  it  does  for  the 
4.5-/im  and  3.0-/im  gap  detectors.  The  1.0-/im  detector  was  not  bidsed 
beyond  2.0  volts  because  a  problem  with  burning  out  these  detectors  at 
higher  biases  was  encountered. 

One  consistent  result  between  all  the  detectors  is  that  at  a  given 
bias,  the  Interdlgitated  detectors  had  a  lower  dark  current  than  their 
plan-’"  <»ap  counterparts.  This  result  is  totally  unexpected.  All 
detector  types  are  processed  on  the  same  chip  at  the  same  time ,  hence 
the  same  conditions .  The  presence  of  more  sharp  corners  on  the 
interdlgitated  detectors  would  lead  one  to  believe  that  these  detectors 
should  have  more  leakage  than  the  planar  gap  devices.  This  result  is 
also  not  understood  at  this  time.  More  measurements  of  the  I-V 
characteristics  of  these  detectors  are  presented  by  S.  F.  Soares^  in  his 
dissertation. 

F.  R(u)  versus  Bias  and  Beam  Position  for  Planar  Geometry  Detectors. 

The  frequency  resprnse,  R(«) ,  of  a  4.5->im  planar  gap  detector  was 
studied  extensively.  The  theoretical  predictions  in  Chapter  II  show 
that  changes  in  R(w)  with  respect  to  bias  and  beam  position  will  be  the 
greatest  for  this  detector.  Several  bias  voltages  and  beam  positions, 
summarized  in  Table  7.  Scans  from  d.c.  to  10  GHz  were  made  at  all  of 
the  different  bias -beam  position  combinations. 

The  9,  12,  and  15-V  scans  were  used  to  determine  the  value  of  the 
Inductance  of  the  bonding  wire  on  the  rf  microstrip  package.  The  beam 
position  and  carrier  drift  velocities  were  fixed  in  the  data  fitting 
routine.  The  routine  then  found  the  best  combination  of  amplitude  and  - 
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3  db  point  to  fit  the  5-10-GHz  range  of  the  data.  The  -3  db  point  was 
found  to  be  6.62  ±  1.0  GHz.  The  actual  total  impedance  of  the  circuit 
is  unknown  due  to  the  uncertainty  in  measuring  the  resistance  of  the 
detector.  Therefore,  assuming  a  50*0  termination  load,  the  value  of  the 
induction  was  determined  to  be  1.20  nH,  which  is  consistent  with  a  piece 
of  wire  1-2  mm  in  length.  The  package  bandwidths  found  for  each  data 
run  are  listed  with  Figure  28.  The  increasing  package  bandwidth  with 
increasing  bias  for  this  detector  is  not  significant  and  did  not  occur 
with  the  other  detectors. 

With  the  effect  of  the  inductor  known,  the  remaining  bias -beam 
position  scans  were  fitted  to  the  theory  with  the  -3  db  point  for  the 
rf-package  fixed.  The  fitting  routine  adjusted  the  amplitude  and  beam 
position  for  the  best  fit  of  the  theoxry  to  the  data.  Again,  the  drift 
velocities  of  the  carriers  were  fixed  to  the  bulk  values  for  the  average 
applied  field.  The  fitted  parameters  are  compared  to  the  expected 
values  in  Table  8.  At  first  glance,  the  fitted  values  do  not  appear  to 
agree  with  the  expected  values.  Remember,  as  seen  in  Chapter  II,  at 
high  biases,  the  difference  in  the  slope  of  the  theoretical  curves  in 
the  5  to  10-GHz  frequency  range  is  very  small  with  respect  to  changes  in 
beam  position.  Also,  even  at  lower  biases,  as  the  beam  approaches  the 
cathode,  denoted  by  x  <  0,  the  difference  in  R(w)  with  respect  to 
changes  in  beam  position  is  veiry  small.  These  trends  are  clearly  seen 
in  the  fitted  data.  At  the  lowest  bias,  7.5  V,  the  best  agreement 
between  theory  and  data  is  seen.  The  two  7.5-V,  0.8-^m  bias  beam 
combination  scans  show  good  agreement,  with  the  position  being  off  only 
0.2- urn  between  best  theoretical  fit  and  the  assumed  known  value.  The 
7.5-V,  -1.7-/im,  and  1.8-^m  bias-beam  position  combinations  do  not  appear 
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to  be  that  good.  Yet  notice  that  the  total  distance  that  the  detector 
was  known  to  be  translated  was  2.5  /xm.  The  theoretical  fit  Indicates 
that  the  beam  was  translated  a  total  of  2.66  fim,  which  Is  In  very  good 
agreement  with  the  known  values.  A  rather  large  discrepancy  between  the 
expected  and  theoretically  fitted  values  for  the  beam  position  Is  seen 
In  the  25  and  40-V  data.  This  Is  not  unexpected,  since  again  at  the 
higher  biases,  the  discrimination  In  beam  position  Is  very  weak.  Given 
that  the  R(w)  curves  are  very  nearly  Identical  at  high  biases,  it  is 
easy  to  see  that  the  data  fitting  routine  could  choose  any  value  in  its 
allowed  range.  It  is  noted  that  when  there  is  a  range  of  parameters, 
that  will  equally  fit  the  data,  the  simplex  routine  will  always  move  to 
the  largest.  By  doing  this,  the  routine  thinks  it  is  reducing  the  total 
error  between  theory  and  data  since  for  a  given  error,  the  ratio  of 
error  to  fitted  value  is  smallest  for  the  largest  acceptable  value.  The 
simplex  routine  uses  this  ratio  to  break  ties  between  two  parameters 
that  give  an  equal  residual  error  between  the  data  and  theory. 

Problems  with  discriminating  between  data  sets  were  more  evident 
with  the  smaller,  3.0~nm  gap  detector.  With  this  detector  five  R(w) 
scans,  all  at  x  -  0.8  /im,  and  with  biases  of  3,  15,  and  27  V  were  used 
to  determine  the  Inductance  of  the  rf -package.  A  -3  db  point  of 
4.71  ±  1.6  GHz  was  found  for  the  rf-package,  which  Implies  an  inductance 
of  1.69  nH.  With  this  -3  db  point,  the  R(w)  versus  beam  position  data 
was  compared  to  theory.  The  detector  was  biased  at  3  V  for  all  of  the 
position  sensitivity  scans.  The  positions  used  were  -1.0,  0.8,  and 
+1.8  fim,  and  again  x  <  0  Indicates  the  cathode  side  of  the  detector. 

For  this  data  reduction  run,  the  drift  velocities  and  -3  db  point  of  the 
rf-package  were  fixed  and  the  fitting  routine  varied  the  amplitude  and 
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beam  position  to  achieve  a  best  fit.  The  results  were  inconclusive. 

The  fitting  routine  could  not  discriminate  between  any  of  the  data  sets, 
even  though  the  beam  was  moved  a  total  of  2.8  ^sa  ua  a  3.0-/im  detector. 
Consider  the  S-lO-GHz  range  graph  for  a  i-txm  detector  shown  in  Chapter 
II  (Fig.  12).  It  is  seen  that  very  little  difference  exists  between  the 
three  curves,  even  though  the  beam  is  moved  considerably.  In  this 
respect,  the  theory  agrees  with  the  data,  and  the  fitting  routine 
consistently  chose  the  large  position  value  of  approximately  +1.2  nm. 

As  a  self  consistentcy  check,  a  second  data  fitting  run  was  performed  on 
the  above  six  data  sets.  This  time,  however,  all  of  the  parameters  were 
allowed  to  vary.  The  results  are  listed  in  Table  9.  The  only 
restriction  in  this  data  fitting  routine  was  that  the  hole  drift 
velocity  was  tied  to  the  electron  drift  velocity  such  that  the 
relationship  between  the  two  was  the  same  as  that  in  bulk  material. 

Doing  this,  and  letting  all  parameters  vary,  a  reproducible  set  of  drift 
velocities  and  -3  db  points  was  obtained.  The  expected  drift  velocity 
for  electrons  and  holes  under  this  bias  was  7.2  x  10®  and  4.3  x  10® 
cm/sec,  respectively.  This  is  in  very  good  agreement  with  the  fit. 

Also,  the  six  -3  db  rf -package  points  are  also  in  good  agreement  with 
the  4.71-GHz  average  value  obtained  previously.  The  only  discreprancy 
between  the  theoretical  fits  and  the  experiment  is  in  the  value  of  beam 
center,  x^.  The  values  of  x^  in  the  experiment  varied  from  -1.0  to 
+1.8  nm,  but  the  fitting  routine  homed  in  on  1.4  pm  five  out  of  six 
times.  However,  the  nearly  identical  theoretical  R(«)  curves  for  this 
detector  as  a  function  of  position  indicates  that  the  data  fitting 
routine  would,  and  did,  have  trouble  finding  any  difference,  and  again, 
given  a  range  of  acceptable  values,  the  largest  values  are  chosen. 
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The  problems  with  the  4,5-/im  and  3.0-/im  data  fits  were  expected  to 
be  even  more  prevalent  in  the  1.0-/im  detector.  Hence,  only  a  total  of 
six  scans  were  taken.  The  rirst  three  scans  again  were  used  to 
determine  the  inductance  of  the  rf  microstrip  bonding  wire.  A  -3  db 
point  of  8.41  ±  0.95  GHz  was  found  for  this  package  implying  that  the 
inductance  for  this  bonding  wire  was  0.946  nH.  However,  the  R(w)  versus 
position  fits  were  not  as  inconclusive  as  expected.  The  beam  was 
positioned  at  x  values  of  -0.5,  0.0,  and  +0.5  pm  on  the  detector.  The 
values  of  x  returned  by  the  fitting  routine  were  +0.195,  1.5,  and  1.46 
pm,  respectively.  Again,  it  is  seen  that  for  the  beam  on  the  cathode 
side  of  the  detector  discrimination  between  different  beam  positions  is 
inconclusive.  However,  the  fitting  routine  could  discern  a  difference 
in  the  -0.5-pm  data.  This  is  somewhat  surprising  in  that  the  same 
procedures  failed  to  find  any  distinction  in  similar  scans  for  the 
3.0 -pm  detector. 

There  are  three  explanations  as  to  why  the  data  from  the  3.0 -pm 
detector  is  so  identical  as  to  block  any  changes  in  R(u)  with  respect  to 
beam  position  but  not  the  1.0-pm  detector. 

First,  the  value  of  the  bonding  wire  inductance  for  the  3.0 -pm 
detector,  resulting  in  a  4.71-GHz  pole,  is  the  largest  of  the  three 
detectors.  The  amount  of  inductance  present  in  any  given  package  is  a 
quasi-random  value  since  the  bonding  wire  lengths  were  not  constant  from 
detector  to  detector.  This  high  Inductance  for  the  3.0-pm  detector 
dominates  the  R(w)  roll-off  in  the  5-10-GHz  range.  The  relatively  small 
changes  in  R((<>) ,  due  to  changes  in  the  beam  position,  are  easily  lost  in 
the  single  pole  roll-off  due  to  the  4.71-GHz  pole  from  the  bonding  wire 
inductance.  The  bonding  wires  on  the  4.5  and  1.0-pm  detector  both  have 
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considerably  lower  Inductance  than  on  the  3.0-/xm  detector.  The  1.0  /itn 
has  the  lowest  Inductance,  0.946  nH,  which  means  that  the  behavior  of 
R(w)  in  the  5-10-GHz  band  is  not  entirely  dominated  by  the  L/R 
Inductance  roll-off.  The  second  factor  that  enhances  the  changes  in 
R(ci>)  with  position  is  the  low  bias  on  this  detector.  Since  the  "flat 
band"  voltage  scales  as  the  square  of  the  gap  width,  the  very  low  flat 
band  bias  condition  of  the  1.0-/im  detector  means  that  V  does  not  have  to 
be  very  large  to  achieve  a  constant  drift  velocity.  Couple  this  with 
the  fact  that  the  E- field  scales  linearly  with  the  gap  width,  for  a 
given  bias,  then  much  lower,  but  still  constant,  drift  velocities  can  be 
obtained  in  the  l.O-pm  detector  than  either  of  the  other  two.  For 
example,  the  "flat  band"  voltage  for  the  4.5-/xm  and  1.0-pm  detector  is 
3.24  V  and  0.16  V,  respectively.  To  achieve  a  nearly  constant  drift 
velocity  across  the  gap  region  a  bias  of  approximately  twice  is 
needed.  Hence,  the  drift  velocity  for  electrons  at  two  times  is 
approximately  4.5  times  slower  in  the  1.0-/im  device  than  in  the  4.5-/im 
device.  Thus,  the  0.5-V  bias  on  the  1.0-;im  detector  is  provides  the 
slowest  "constant"  velocity  of  the  charges  of  any  of  the  detectors. 
Finally,  the  set-up  procedure  for  the  1.0-/im  detector  was  somewhat 
suspect.  Procedurally ,  the  x  -  0  position  is  defined  as  the  point  where 
the  d.c.  short  circuit  photocurrent  is  zero.  This  normally  well  defined 
point  on  the  4.5-/im  and  3,0-ftm  detectors  was  much  less  distinct  in  the 
1.0-/im  detector.  The  best  that  the  detector  could  be  positioned  was  ± 
0.3  pm.  With  this  large  an  uncertainty  on  a  small  detector,  it  is  very 
likely  that  at  some  point  the  center  of  the  beam  was  off  of  the 
detector,  and  hence  the  only  illumination  was  from  the  wings  of  the 
beam.  This  is  the  most  likely  explanation  why  some  position  sensitivity 
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was  seen  In  the  1.0*/iDi  detector.  Even  though,  as  with  the 
detector,  the  total  beam  motion  of  1.0  pm  was  very  close  to  the  fitted 
value  of  1.33  pm,  the  problems  with  the  uncertainty  in  the  initial 
position  make  this  result  suspect. 

In  conclusion,  the  detector  response  model  derived  in  Chapter  II 
has  been  compared  with  experimental  data.  Frequency  response 
measurements  for  three  detectors  were  made  under  a  variety  of  beam 
positions  on  the  detector  and  detector  bias.  The  theoretical  fit  of  the 
data  revealed  some  discrepancy  between  the  nominal  beam  posiitons  and 
those  derived  from  fitting  the  experimental  data  to  the  model.  Good 
agreement  in  the  magnitude  of  the  total  beam  displacement  across  the 
detectors  was  found  with  the  4.5-pm  and  1.0-pm  detectors.  The  fact  that 
the  bonding  wire  inductance  was  lower  for  these  two  detectors  probably 
accounts  for  the  differences  that  can  be  seen  in  their  position  data. 

Had  the  inductance  been  greater,  then  the  L/R  roll-off  of  the  package 
would  have  dominated  the  data  and  washed  out  any  change  in  R(c<>)  with 
beam  position,  as  it  did  with  the  3.0-pm  detector.  The  major  conclusion 
of  this  section  is  that  any  real  knowledge  of  detector  performance  has 
been  washed  by  the  Inductance  of  the  rf-package.  Since  this  packaging 
technique  is  widely  used,  it  is  also  concluded  that  other  reported 
results  may  suffer  from  the  same  L/R  limitation  as  seen  here.  Some  of 
the  researchers  using  this  packaging  technique  Insure  that  they  use  as 
short  a  bonding  wire  as  possible,  hence  reducing  the  L/R  roll-off  to  a 
minimum.  However,  other  researchers  use  bonding  wires  as  long  as  the 
ones  used  here,  and  therefore  they  must  also  suffer  from  the  same  L/R 
limitations.  It  is  pointed  out  that  for  a  l.S-nH  inductance  and  a  50-n 
impedance,  the  FWHH  pulse  response  would  be  30.0  psec.  This  impulse 
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response  is  not  that  different  from  most  reports  In  the  literature.  For 
detector- limited  operation  of  the  entire  msm  photodiode -rf -package 
system,  the  bonding  wires  must  be  eliminated  completely.  This  Implies  a 
total  redesign  of  detector  rf-mlcrostrlp  package,  and  has  not  been 
attempted.  The  success  of  the  model  In  matching  the  known  change  in 
beam  position  is  very  encouraging.  The  method  of  determining  the  origin 
on  the  detectors,  while  extremely  repeatable,  has  not  had  Independent 
verification  that  the  x  -  0  position  is  in  the  exact  geometric  center  of 
the  detector.  Indeed,  the  results  of  the  theoretical  fits  Indicate  that 
the  defined  position  of  x  -  0  is  not  truly  in  the  geometric  center  of 
the  gap,  but  should  be  more  toward  the  cathode  side.  The  exact  reason 
for  this  offset  is  not  known  at  this  time.  One  conjecture  is  that  the 
existence  of  a  ground  plane  on  one  side  of  the  detector  and  the  rf 
mlcrostrlp  on  the  other  may  slightly  upset  the  balance  of  the  two  msm 
pads,  hence  skewing  the  short  circuit  position  response  results.  The 
position  sensitivity  of  this  short  circuit  device  is  being  studied 
further . 

G.  Performance  of  the  4.5-/im  Detector  to  18  GHz. 

In  light  of  the  theoretical  predictions  of  detector  performance, 
an  8  to  18-GHz  amplifier  was  obtained.  The  amplifier  circuit  was 
calibrated  in  the  same  manner  as  the  lower  frequency  circuits  and  R(cj) 
as  a  function  of  bias  was  measured  for  15  V.  The  beam  was  centered  at 
nominal  x  -  0.  The  15  V,  x  -  0  data  from  9  MHz  to  10  GHz,  and  the  new 
8 -18 -GHz  data  are  shown  in  Fig.  29.  The  Jump  in  the  data  could  be 
caused  by  any  number  of  things  (alignment,  detector  ageing)  since 
several  months  elapsed  between  taking  the  two  data  sets.  Translating 
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the  8-18  GHz  curve  up  (approx.  1  db)  to  meet  the  old  curve  at  8  GHz,  the 
data  sets  are  seen  to  overlap  nicely  in  the  8-10-GHz  range.  This 
strongly  implies  that  If  the  entire  scan,  out  to  18  GHz,  was  taken  In 
one  day,  that  the  curves  would  all  line  up  as  they  do  for  the  data  to  10 
GHz.  The  data  shows  that  the  response  of  the  detector-rf -microstrip 
package  continues  to  drop  off  with  frequency  due  to  the  domination  of 
the  response  by  the  bonding-wire  inductance.  This  simple  pole  response 
is  subtracted  from  the  data  in  Fig.  30.  The  theoretical  detector 
response  (from  Chapter  II)  is  also  plotted  here,  with  the  parameters  for 
drift  velocity  and  beam  position  being  taken  from  the  5-10-GHz  fit  of 
the  previous  section.  Excellent  agreement  between  theory  and  the 
compensated  data  is  seen  out  to  14  GHz  in  frequency.  The  roll-off  of 
the  compensated  data  above  14  GHz  is  probably  due  to  the  SMA  connector 
which  has  a  -3  db  point  of  18  GHz.  Including  a  simple  18 -GHz  pole  in 
the  theoretical  curve  does  indeed  match  the  data  out  to  18  GHz. 
Therefore,  the  indications  are  very  strong  that  the  theory  of  Chapter  II 
does  indeed  predict  the  frequency  response  of  the  msm  structure  out  to 
very  high  frequencies.  Also,  the  inductance  of  the  bonding  wire  is  a 
major  contributor  to  the  frequency,  and  therefore  time,  response  of  any 
device  packaged  in  this  manner.  Finally,  and  most  interesting,  it 
appears  that  a  15-20-GHz  detector,  with  a  30%  rf-quantum  efficiency, 
could  be  made  on  bulk  Si.  All  previously  reported  detectors  with  this 
high  a  frequency  response  were  made  on  GaAs,  InGaAs ,  etc.,  which  all 
pocess  carriers  with  much  higher  mobilities  and  higher  saturation 
velocities . 

Given  the  success  with  the  U.5-tm  fit  and  assuming  RC  does  not 
limit  the  response,  a  75-GHz  bandwidth,  l.C-^tm  detector  on  bulk  Si  may 
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be  feasible,  as  predicted  in  Chapter  II.  Another  conclusion  from  this 
result  is  that  the  charge  carriers  are  traveling  at  their  respective 
bulk  drift  velocities.  This  is  somewhat  surprising  since  the  charges 
are  moving  within  0.2  pm,  or  less,  of  the  crystal  surface.  It  is  well 
known  that  in  GaAs  the  surface  states  reduce  the  mobility  of  carriers 
near  the  surface.  It  was  thought  that  this  mobility  reduction  would 
also  be  seen  in  Si.  The  above  result  seems  to  disprove  this  premise.  A 
discernible  change  in  R(ci))  can  be  seen  for  at  most  a  30%  change  in  the 
carrier  drift  velocity.  Possibly,  the  thin  SiO^  layer  that  forms  upon 
exposure  to  air  sufficiently  passivates  the  surface  states. 

Conformation  that  the  charges  near  the  surface  are  moving  at  their 
respective  bulk  drift  velocities  needs  a  redesigned  rf-microstrip 
package  that  has  a  flat  frequency  response  out  to  18  GHz.  This  work  Is 
currently  being  persued. 

H.  Full  Bandwidth  Analysis  of  Planar  Gap  Detectors 

In  the  previous  section,  the  high-frequency  behavior  of  the  planar 
gap  detectors  was  compared  to  the  theoretical  model  developed  in  Chapter 
II.  As  a  reminder,  the  reason  for  only  using  the  5  to  10-GHz  region  of 
the  data  is  the  enhanced  low-frequency  gain  of  msm  detectors.  This  low- 
frequency  gain,  which  has  yet  to  be  satisfactorally  explained,  has  been 
reported  previously  and  is  also  seen  on  the  detectors  used  in  this 
study.  One  possible  explanation  for  this  gain  mechanism  is  presented  in 
Appendix  I,  but  does  not  satisfactorily  match  the  data  and  is  not  used 
here. 

The  low-frequency  gain  in  these  detectors  is  assumed,  for  this 
analysis,  to  be  independent  of  the  high-frequency  characteristics  of  the 


detectors.  Thus,  a  linear  superposition  of  the  high-frequency  response 
and  the  low-frequency  gain  mechanism  is  utilized  to  study  the  low- 
frequency  behavior  of  the  planar  gap  msm  photodiodes.  The  low  frequency 
portion  of  R(«)  was  isolated  by  subtracting  the  predicted  high-frequency 
response,  using  the  parameters  found  in  the  preceding  section,  from  the 
data.  The  data-minus -high- frequency-model  residual  was  then  compared  to 
a  superposition  of  two-simple  poles  and  a  single-simple  pole.  The 
simplex  routine  was  used  to  fit  the  amplitude  and  -3  db  point  for  the 
poles  to  the  residual  data. 

The  two-pole  fit  to  the  low-frequency  data  gave  inconsistent 
results  between  data  sets.  The  single,  simple-pole  results  were 
consistent  between  data  sets  and  are  presented  here.  The  U.5~fim 
detector,  due  to  its  size  relative  to  the  beam  spot,  was  studied 
extensively.  The  full  set  of  fit  parameters,  both  low  and  high 
frequency,  for  the  4.5-/im  detector  are  listed  in  Table  10  and  the  fitted 
data  is  shown  in  Figures  31  and  32.  The  7.5^-V  at  0.6-/im,  25-V,  and 
40-V  data  sets  were  all  taken  on  the  same  day.  The  7.5*-V,  at  -0.41-^m, 
+0.6-/im,  +2.25-/im  data  sets  were  taken  the  following  day.  A  comparison 
of  the  two  +0.6 -pm  7.5-V  data  sets  show  that  there  was  a  3  db  change  in 
amplitudes,  both  low  and  high  frequency,  between  the  two  data  sets  which 
is  roughly  consistent  the  observed  ±  1  db  variations  in  the  calibration. 
The  fact  that  both  the  low  and  high-frequency  amplitudes  are  displaced 
by  identical  amounts  indicates  that  this  change  is  due  to  the  system  and 
not  the  detector. 

The  low-frequency  response  versus  bias  is  now  considered.  The 
detector  was  positioned  at  near  midgap,  0.6  pm,  and  R(w)  was  measured  at 
7.5,  25,  and  40  V.  The  high-frequency  fit  placed  the  position  parameter 
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at  2.25  /iin  for  the  25-V  and  40-V  data.  This  is  an  artifact  of  the 
software,  which  as  explained  above  always  chooses  the  largest  parameter 
among  a  range  of  equally  good  fits.  Therefore,  it  is  assumed  that  the 
beam  was  in  reality  at  the  same  position  as  for  the  7.5-V  data  taken  on 
this  day.  By  normalizing  the  -3  db  point,  f^,  to  the  40-V  data,  the 
frequency  response  is  compared  to  the  hole  drift  velocity,  also 
normalized  to  its  40-V  value.  The  normalized  results  are  shown  in  Table 
11  and  the  data  plotted  in  Figure  34.  A  similar  comparison  of  the  high 
and  low-frequency  amplitudes  is  also  shown.  Good  agreement  between  the 
change  with  bias  between  the  hole  drift  velocity  and  the  frequency 
response  of  the  simple  pole  is  clearly  seen.  Again,  it  is  clearly  seen 
that  the  amplitude  of  the  low-frequency  pole  is  directly  proportional  to 
the  amplitude  of  the  high-frequency  response.  From  these  two 
comparisons  it  appears  that  the  frequency  response  of  the  low-frequency 
pole  is  directly  proportional  to  the  hole  drift  velocity  and  transit 
time.  The  strong  correlation  between  the  amplitudes  of  the  high  and 
low-frequency  mechanisms  indicate  that  there  is  some  relationship 
between  them.  If  this  low-frequency  mechanism  is  related  to 
photoconductive  gain,  as  described  in  Appendix  I,  then  this  correlation 
in  amplitude  is  expected.  However,  remember  that  a  gain-bandwidth 
product  correlation  is  not  proper  on  a  single  detector.  The  constant 
gain-bandwidth  product  argument  is  only  valid  between  two 
photoconductive  detectors  with  different  recombination  times.  A 
photoconductor's  frequency  response  is  fixed  by  the  recombination  time. 
Its  gain,  however,  is  not  fixed,  and  is  a  function  of  the  charge  carrier 
drift  velocity.  For  more  details  see  Appendix  I. 
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To  test  these  correlations  between  the  low  and  high-frequency 
mechanisms,  the  bias  on  the  detector  was  set  at  7.5  V  and  R(w)  was 
measured  at  three  different  positions,  -0.41,  +0.6,  +2.25  /im.  The 
-0.41-^m  beam  position  places  the  beam  closer  to  the  detector  cathode, 
thus  decreasing  the  hole  transit  time.  Conversely,  a  positive  position 
places  the  beam  close  to  the  anode,  increasing  the  hole  transit  time. 

One  would  expect  that  f^  would  be  greatest  when  the  beam  is  near  to  the 
cathode,  if  the  hole  transit  time  is  truly  the  limiting  factor.  This  is 
not  the  case.  The  peak  of  f^  is  near  the  center  and  falls  off  as  the 
beam  is  moved  away  from  center. 

The  amplitude,  however,  still  shows  that  somehow  the  holes  are 
involved.  This  is  seen  in  the  gain  of  the  high-frequency  signal.  By 
defining  the  gain  as  the  ratio  of  the  low-frequency  amplitude  to  the 
high-frequency  amplitude,  several  interesting  facts  can  be  seen. (Table 
12)  From  Table  12  two  facts  relevant  to  the  low-frequency  gain 
mechanism  can  be  noted.  First,  the  gain  decreases  with  increasing  bias. 
Second,  the  gain  increases  as  the  transit  time  of  the  holes,  at  a  given 
bias,  increases.  This  would  indicate  that  some  sort  of  photoconduct ive 
gain  may  be  present.  That  is,  the  longer  the  holes  transit  time,  the 
higher  the  gain.  This  is  consistant  with  a  photoconductive  gain 
mechanism.  Carriers  are  generated  and  flow  around  the  circuit  until 
they  recombine.  Therefore,  a  single  electron-hole  pair  could  be  counted 
more  than  once  before  the  hole  reaches  the  cathode  and  recombines . 

Hence,  anything  that  keeps  the  hole  around  longer  will  increase  the  low- 
frequency  gain.  Note,  that  the  25-V  data  appears  to  be  the  sole 
contradiction  to  this  statement.  It  is  pointed  out,  however,  that  there 
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is  only  a  9%  change  in  the  hole  drift  velocity  from  the  40-V  data.  This 
small  change  could  easily  be  lost  in  the  system  noise. 

To  test  further  this  idea  of  the  relationship  between  the  transit 
time  of  the  holes  and  the  low* frequency  response  of  msm  detectors,  the 
3.0  and  1.0*/xm  detectors  were  tested  in  a  similar  fashion  to  the  U.5-nm 
detector.  However,  the  1-500  MHz  amplifier  failed  and  no  definitive 
results  were  obtained.  The  absence  of  the  low-frequency  range  did  cause 
problems  in  the  low-frequency  data  fits.  Without  this  range  of 
.frequencies,  the  amplitude  of  the  low-frequency  pole  could  not  be  seen. 
Remember,  once  a  simple  pole  starts  to  roll-off,  it  keeps  rolling  off  as 
1/f.  Thus,  a  100-MHz  bandwidth  pole  looks  just  like  a  300-MHz  pole  with 
lower  amplitude  when  observed  at  600  MHz  and  beyond.  The  location  of 
the  elbow  in  the  roll-off  of  a  simple  pole  is  necessary  for  a  proper 
data  fit.  It  was  hoped  that,  if  the  bandwidth  of  the  simple  pole  was 
tied  to  the  hole  transit  time,  then  by  decreasing  the  detector  electrode 
spacing,  this  pole  could  be  seen  at  400  MHz  and  beyond.  However, 
attempts  to  fit  the  data  with  a  simple  pole  resulted  in  wildly 
inconsistent  results.  This  is  due  to  the  fact  that  the  beginning  of  the 
roll-off  could  not  be  seen  without  the  low-frequency  amplifier  (Fig. 

33).  Therefore,  many  combinations  of  amplitude  and  frequency  would  work 
equally  well.  Attempting  to  put  an  upper  limit  on  the  amplitude  of  the 
low-frequency  pole,  so  as  not  to  exceed  the  measured  d.c.  value,  also 
failed.  In  this  case,  the  fitting  routine  consistently  pushed  the 
amplitude  to  the  maximum  limit  and  did  some  very  fine  adjustments  with 
the  bandwidth. 

The  inability  to  detect  the  flat  portion  of  the  low-frequency  pole 
on  even  the  l-/im  detector  implies  that  transit  time  may  not  be  the 
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limiting  value  to  the  low-frequency  bandwidth.  If  the  transit  time  was 
Important,  then  the  l-;im  detector,  having  a  smaller  transit  time  at 
equal  drift  velocities  over  the  4.5-/im  detector,  should  have  shown  the 
flat  portion  of  the  low-frequency  response  easily  at  400  MHz.  Its 
absence  suggests  that.  In  light  of  the  4.5-/im  results,  the  hole  drift 
velocity  Itself  Is  the  limiting  value  for  this  low-frequency  behavior, 
not  transit  time.  Obviously  this  low-frequency  behavior  needs  to  be 
Investigated  In  much  more  detail  than  has  been  undertaken  to  date. 

I.  Planar  versus  Interdlgltated  Frequency  response 

It  was  originally  hoped  that  a  direct  comparison  between  the 
planar  and  Interdlgltated  detectors  could  be  made.  The  variability  and 
dominance  of  the  bonding  wire  Inductance  makes  any  direct  comparison 
between  any  two  different  detectors  very  questionable.  The  only 
comparisons  that  can  be  made  are  relative  changes  within  a  given 
detector.  These  relative  changes  could,  however,  be  compared  between 
detectors,  with  the  Individual  detector  as  its  own  reference.  Since 
very  similar  results  were  obtained  with  all  detector  gap  dimensions, 
only  one  detector  pair  will  be  studied  here.  For  example,  consider  the 
R(w)  data  versus  bias  for  the  4.5-;^m  planar  and  Interdlgltated  detectors 
(Fig.  35  and  36).  Taking  the  40-V  response  as  a  reference  in  both 
graphs,  the  change  in  R(w)  with  bias  can  be  compared  between  the  two 
detectors.  Clearly,  both  detectors  exhibit  the  same  saturation  effect 
above  25 -V  bias.  However,  R(w)  for  the  planar  detector  decreases  more 
rapidly  with  decreasing  bias  than  does  the  interdlgltated  detector.  The 
most  probable  explanation  for  this  is  that  the  additional  corners  on  the 
Interdlgltated  detector  raises  the  average  electric  field  strength 
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Inside  of  the  depletion  region.  Thus,  the  average  drift  velocity  of  the 
charge  carriers  is  higher  in  the  interdlgltated  device  than  in  a  planar 
device  at  the  same  bias. 

Another  manifestation  of  the  higher  average  E- field  strength  can 
be  seen  in  the  R(w)  versus  bias  data.  Figure  37  and  38  show  the  R(w) 
versus  position  data  for  the  same  detectors  used  above.  Even  though  the 
interdlgltated  detector  is  at  a  lower  bias,  it  is  clearly  seen  that  the 
change  in  R(c<>)  with  position  is  reduced  relative  to  the  planar  detector. 
In  terms  of  the  model,  this  can  only  be  explained  by  the  interdlgltated 
detector  having  a  higher  charge  carrier  drift  velocity,  and  therefore  a 
higher  electric  field,  than  the  planar  device. 

Two  conclusions  can  be  drawn  from  this  comparison.  First,  the 
interdlgltated  detectors  can  be  operated  at  a  lower  bias  than  a  planar 
detector  and  the  drift  velocities  are  still  near  saturation.  Secondly, 
the  interdlgltated  design  is  inherently  less  sensitive  to  beam  position 
than  the  planar  detector.  This  implies  that  the  interdlgltated  detector 
has  a  larger,  more  uniform  active  area  than  the  planar  device.  It  would 
seem  then,  that  in  all  respects  the  interdlgltated  detector  geometry  is 
a  superior  design  to  the  planar  gap. 

J.  Responslvity  Maps 

The  final  experiment  performed  on  these  detectors  was  to  map  the 
responslvity  as  a  function  of  beam  position.  The  response  map  of  each 
detector  was  made  under  different  biases  at  four  different  frequencies. 
The  biases  used  were  the  same  biases  with  which  the  R(u>)  data  was  taken. 
D.C.,  1-GHz,  S'GHz,  and  9-GHz  response  maps  were  made  at  each  bias. 
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Many  similarities  are  seen  between  all  of  the  maps,  hence  only 
representative  data  will  be  shown. 

As  before,  the  data  from  one  detector,  the  3.0-/xm  planar  gap 
device,  will  be  presented  In  detail.  Then,  select  examples  from  other 
detectors  will  be  presented  in  order  to  show  that  the  response  Is 
similar.  For  all  of  the  maps  a  2.0  /im  FUHM  spot  was  stepped  by  2.0  iim 
across  the  detector  surface  In  a  40x40  array. 

First,  to  be  considered  Is  the  d.c.  response  map  at  3.0  and  15  V 
for  a  2.0-fm  planar  detector.  Figures  39,  40,  and  41  shows  the  d.c. 
response  map  at  3.0  and  15  V.  The  z  axis  on  the  3-d  plots  displays  the 
value  of  the  responslvity.  Clearly  the  d.c.  photoresponsive  area  is  not 
confined  to  just  the  gap  region.  In  fact,  the  contour  plots  of  the 
3.0-V,  3-D  map.  Figure  40,  show  that  the  peak  response  is  actually 
outside  of  the  gap  region,  located  towards  the  cathode  side  of  the 
detector  and  near  the  comers  of  the  electrodes.  The  electrodes  have 
been  drawn  to  scale  on  Fig.  40.  These  areas  of  peak  response  near  the 
electrode  corners  are  not  surprising,  since  this  should  be  a  region  of 
very  high  electric-field  strength.  Peaks  can  be  seen  at  both  ends  of 
the  gap  region,  which  Is  also  expected.  The  skewing  of  the  center  of 
the  peak  toward  the  cathode  side  of  the  detector  Is  thought  to 
correspond  to  the  balancing  of  the  electron  and  hole  current  to  produce 
a  maxlmtun.  If  the  polarity  of  the  detector  Is  reversed,  the  peaks  also 
switch  sides.  For  even  moderate  biases,  these  peaks  have  d.c.  quantum 
efficiencies  In  excess  of  100%,  reaching  as  high  as  300%  at  high  biases. 
The  highest  quantum  efficiency  on  the  3.0-/im  gap  detector,  shown  in  Fig. 
41,  is  211%  at  15 -V  bias.  Moving  further  away  from  the  gap  region,  the 
d.c.  response  decreases,  but  does  not  reach  zero  even  40-/zm  away  from 
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gap  center.  The  long  lifetime  of  the  carriers  In  SI  Is  the  reason  for 
this  extended  d.c.  response  area.  The  actual  gap  region  of  the 
detector  Is  clearly  seen  as  a  narrow  ridge  spanning  the  two  peaks.  The 
d.c.  response  In  the  gap  Is  smaller  than  at  the  peaks  outside  the  gap 
region  for  two  reasons.  First,  Inside  the  gap  the  electric  field  is 
weaker  as  one  moves  away  from  the  comers.  Secondly,  Inside  the  gap  the 
metal  electrodes  physically  block  some  of  the  uv  radiation  from  reaching 
the  SI,  therefore  reducing  the  responslvlty . 

Other  points  of  Interest  that  are  seen  on  the  response  maps,  are 
holes  In  the  bonding  pads  and  a  region  of  higher  response  closer  to  the 
edges  of  the  bonding  pads.  The  holes  In  the  bonding  pads  are  not 
Intentional,  but  occasionally  result  from  the  bonding  process  tearing  a 
hole  in  the  contact  pad.  This  tear  exposes  the  Si  providing  direct 
access  to  the  uv  light.  Again,  due  to  the  long  lifetime  of  carriers  in 
SI,  a  significant  amount  of  d.c.  photoresponse  can  be  seen  In  these 
exposed  areas.  The  area  of  higher  response,  with  respect  to  its 
surroundings  Inside  of  a  tear.  Is  clearly  seen  on  the  left  side  of 
Fig.  39.  The  higher  response  at  the  edges  of  the  bonding  pads  can  also 
be  seen  in  Fig.  39.  The  construction  of  the  detectors  is  such  that  only 
the  small  20-pm  x  5-;im  electrodes  that  form  the  actual  gap  region  are  in 
direct  physical  contact  with  the  Si.  The  large  75-/im  square  bonding 
pads  are  separated  from  the  Si  by  a  100  nm  thick  SiO^  layer.  The 
existence  of  this  region  of  higher  response  Is  unexpected.  It  also 
appears  In  the  rf  reponse  maps,  even  out  to  9  GHz,  as  will  be  shown 
later.  It  Is  postulated  that  the  carriers  can  tunnel  through  the  SiO^ 
layer  to  the  electrode  If  the  E- field  Is  high,  as  It  Is  around  sharp 
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edges.  A  stronger  field  does  Increase  this  effect  as  seen  in  the  3-V 
and  15-V  3-D  plots  (Fig.  39  and  41). 

Next,  response  maps  were  taken  at  1  GHz.  Figures  42,  43  and  44 
shows  the  1-GHz  response  map  at  3  V  and  15  V.  The  most  notable  change 
between  d.c.  and  1  GHz  is  that  the  responsive  area  is  largely  confined 
to  the  gap  region  and  underneath  the  cathode.  As  with  the  d.c. 
response,  very  little  rf  signal  is  seen  when  the  beam  is  on  top  of  the 
anode.  At  3-V  bias,  the  1-GHz  responsive  area  extends  only  across  the 
gap  region  and  the  cathode.  A  15-V  bias,  a  larger  responsive  region  is 
seen.  The  additional  responsive  areas,  over  the  3-V  case,  coincide  with 
a  hole  in  the  bonding  pad  and  the  edges  of  the  bonding  pad,  as  seen 
before  in  the  d.c.  data.  The  reduction  in  the  photoresponsive  area  by 
going  from  d.c.  to  1  GHz  is  assumed  to  be  a  time-of- flight  limitation. 
That  is,  the  carriers  cannot  reach  a  pad  in  time  to  be  collected  before 
the  next  rf  cycle. 

The  time-of -flight  limitation  on  the  responsive  area  is 
coroborated  further  by  the  9-GHz  response  maps  (Figures  45-48).  It  is 
clearly  seen  on  the  3-V  contour  maps  for  both  1  GHz  and  9  GHz  that  the 
active  area  reduces  in  size  as  the  frequency  increases  (Fig.  43  and  46). 
Increasing  the  bias  will,  at  a  given  frequency,  also  increases  the 
photoresponsive  area  as  seen  in  Fig.  46  and  48.  Again,  as  with  the  d.c. 
and  1-GHz  response  maps,  the  Increase  in  active  area  with  bias  is  seen 
mainly  at  the  edges  of  the  bonding  pad.  At  first,  the  hole  in  the 
bonding  pad  also  appears  to  have  some  responsivity  at  9  GHz.  Close 
Inspection  of  this  region,  however,  shows  that  the  center  of  this  hole 
is  not  responsive,  with  only  the  edges  responding  to  the  9 -GHz  beatnote. 
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This  area  does  not  show  tip  In  the  contour  plot  (Fig.  48)  due  to 
limitations  in  the  plotting  routine. 

Identical  behavior  was  observed  with  the  4.5  and  1.0-/im  devices. 
All  of  the  planar  gap  detectors  showed  a  thin  ridge,  confined  to  the  gap 
region,  spanning  twin  peaks  of  d.c.  responslvity  located  near  the 
comers  of  the  cathode.  The  anode  showed  very  little  response  when  the 
uv  beam  was  Incident  upon  it,  in  contrast  to  the  cathode.  The  response 
at  the  edges  of  the  bonding  pads  was  also  seen,  but  to  a  lesser  degree 
on  the  1.0-;im  detectors.  This  is  simply  due  to  the  bias  not  being  as 
large  as  for  the  wider  gap  detectors.  The  most  notable  effect  is  that, 
at  a  constant  bias, the  photoresponsive  area  decreases  with  increasing 
frequency.  The  active  area  also  increases  with  increasing  bias  at  a 
constant  frequency. 

The  response  maps  of  the  interdigitated  detectors  behaved  much 
like  their  planar-gap  counterparts.  Contour  plots  of  the  d.c.,  1-GHz, 
and  9-GHz  response  for  a  3-pm  interdigitated  detector  at  3-V  bias  are 
shown  in  Fig.  49,  50,  and  51,  respectively.  Fig.  52  and  53  are  1-GHz 
and  9  Ghz  contour  maps  taken  at  15-V  bias.  The  similarities  between 
this  3.0-pm  gap  interdigitated  and  its  planar  gap  counterpart  are  easily 
seen.  The  gap  region  is  clearly  defined  as  it  snakes  through  the 
electrodes  in  all  of  the  plots.  At  d.c.,  the  gap  region  is  terminated 
by  a  region  of  high  responslvity  at  both  ends.  The  bonding  pads  are 
clearly  outlined  in  the  d.c.  plot.  Increasing  the  frequency  to  1  GHz, 
the  responsive  area  decreases  from  that  at  d.c.  However,  unlike  the 
planar  detectors,  increasing  the  frequency  to  9  GHz  does  not  reduce  the 
active  area  over  the  1-GHz  case,  as  long  as  the  bias  remains  constant. 
But  increasing  the  bias  to  15  V  does  increase  the  9 -GHz  responsive  area 
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over  the  3-V  responsive  area.  Also,  at  15  V,  the  responsive  area 
outlining  the  bonding  pad  is  again  seen.  Consistent  with  the  3-V 
results  for  this  detector,  the  1-GHz  and  9-GHz  responsive  areas  are  the 
same. 

Thus,  the  interdigitated  detectors  responsive  area  behaves  in  the 
same  manner  as  does  the  planar  detectors  with  the  exception  that,  at 
constant  bias,  the  responsive  area  does  not  shrink  with  increasing 
frequency.  This  fact  may  not  be  that  surprising  when  the  field 
structure  inside  of  the  interdigitated  detectors  is  considered.  With 
all  of  the  sharp  corners  inherent  in  an  Interdigitated  design,  the 
B-field  strength  is  going  to  be  considerably  higher,  on  average,  than 
it  would  be  in  a  simple  planar  device.  This  high-strength 
highly-convoluted  field  appears  to  keep  the  active  area  constant  over  a 
much  wider  range  of  frequencies  than  its  planar  device  counterpart. 

These  results  for  the  Interdigitated  detectors  were  consistently 
observed  for  all  three  gap  dimensions  of  interdigitated  detectors. 

K.  GaAs  Detector  Results. 

As  mentioned  in  the  Introduction,  GaAs  msm  photodiodes  were  also 
fabricated  and  tested.  It  was  hoped  that  differences  between  the  Si  and 
GaAs  response  curves  would  further  show  the  effects  of  material 
parameters  on  detector  response.  A  GaAs  msm  photodetector  was  produced 
and  placed  in  the  uv  heterodyne  system  for  testing.  It  was  found, 
however,  that  the  d.c.  and  rf  repsonsivity  was  not  constant  with  time. 
Figure  54  shows  the  change  in  the  d.c.  responsivity  over  a  period  of 
about  one  hour.  Clearly  this  degradation  in  the  d.c.  response  is  an 
undesirable  feature.  The  d.c.  response  did  not  regenerate  when  the 
light  was  turned  off,  implying  that  the  degradation  was  permanent.  The 


142 


detector  was  further  illuminated  with  approximately  700  pW  of  cw  uv 
light  for  12  hours.  The  result  was  that  even  after  12  hours  of  constant 
illumination  the  responsivity  was  still  decreasing.  This  shows  that 
bare  GaAs  is  not  a  suitable  uv>detector  material  and  is  consistant  with 
studies  on  degradation  of  the  surface  photoluminescence  of  GaAs*.  In 
these  experiments  it  was  found  that  the  surface  photoluminescence  of 
freshly  cleaved  GaAs  decayed  irreversibly  with  time  under  visible  laser 
illumination.  A  possible  mechanism  for  this  degradation  is  photo- 
enhanced  migration  of  surface  defects  into  the  bulk.  This  implies  that 
some  means,  possibly  a  AlGaAs  cap  layer,  must  be  found  to  keep  the 
detector  surface  from  degrading  under  uv  illumination.  Hence,  no 
further  test  on  GaAs  detectors  were  performed. 


Responsivity  (A/W) 
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Figure  25:  Detector  Saturation  Test. 
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Figure  26:  D.C  Current-Voltage  Characteristics  for  4.5,  3.0  and  1.0 
Interdigitated  Detectors. 
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Figure  27:  D.C  Current-Voltage  Characteristics  for  4.5,  3.0  and  1.0-/im 
Planar  Detectors. 
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Figure  28:  RF  Package  L/R  Bandwidth  Determination. 
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Figure  29:  4. 5 -pm  Planar  Detector  R(w)  to  18  GHz. 
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Figure  30:  High-Frequency  Model  Fit  to  18  GHz  for  a  4. 5 -Atm  Planar  Gap 
Detector . 
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Figure  32:  R(w)  versus  Beam  Position  for  a  4.5-/im  Planar  Gap  Detector. 
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Figure  33:  R(w)  versus  Bias  for  a  3.0-fim  Planar  Gap  Detector. 
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Figure  34:  Low-Frequency  Mechanism  Bandwidth  versus  Hole  Drift 
Velocity. 
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Figure  35:  R(w)  versus  Bias  for  a  U.5-nm  Planar  Gap  Detector. 
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Figure  38:  R(w)  versus  Beam  Position  for  a  Interdigitated  Gap 

Detector. 
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Figure  40:  Contour  Plot  of  Figure  39. 
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Figure  41:  D.C.  Responsivity  Map  of  a  3.0-/im  Planar  Gap  Detector. 
(V  -  15.0  V) 
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Figure  42:  1  GHz  Responsivity  map  of  a  3.0-;im  Planar  Gap  Detector. 
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Figure  44:  1  GHz  Responsivity  map  of  a  3.0-/im  Planar  Gap  Detector. 
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Figure  45:  9  GHz  Responsivity  map  of  a  Z.C-tm  Planar  Gap  Detector. 
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Figure  47:  9  GHz  Responsivity  map  of  a  Planar  Gap  Detector. 
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Figure  54:  D.C.  Photoresponse  versus  Time  of  a  GaAs  MSM  Detector. 
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Table  7:  Bias  and  beam  Position  for  the  4.5-/im  planar  detector 


Bias 

X  Position 

Figure  No 

(V) 

(pm) 

9 

0.0 

28 

12 

0.0 

28 

15 

0.0 

28 

7.5 

-1.7,  +0 . 8 ,  +1 . 8 

32  and  31 

25.0 

0.8 

31 

40.0 

0.8 

31 

Table  8: 

Beam  Position  Fit  to 

High-frequency  Data. 

Bias 

Xq  expected 

Xq  fitted 

(V) 

(pm) 

(pm) 

7.5 

+0.8 

0.60 

25.0 

+0.8 

2.25 

40.0 

+0.8 

2.25 

7.5 

-1.7 

-0.41 

7.5 

+0.8 

0.60 

7.5 

+1.8 

2.25 
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Table  9:  Data  fit  varlbles. 


V 

n 

V 

p 

X 

o 

-3  db  point 

(106 

cm/sec) 

(urn) 

(GHz) 

7.36 

4.25 

1.42 

4.73 

7.73 

4.30 

1.40 

4.79 

7.25 

4.36 

1.42 

4.74 

7.74 

4.31 

1.42 

4.79 

7.60 

4.29 

1.42 

4.77 

7.30 

4.29 

1.23 

4.77 

Table  10.  Fit  Parameters  for  a  4.5  urn  Planar  Detector 


Bias  (V) 


Beam 

Pos.  (mid) 


-0.41  0.6 


2.25  0.6 


±0.2  ±0.2  +0.2  +0.2 


2.25 

(0.6) 

±0.2 


Electron 

Drift  8.5  8.5  8.5  8.5  9.7 

Velocity 

(10®cm/sec)  ±0.5  ±0.5  ±0.5  ±0.5  ±0.5 


Hole  Drift  5.92  5.92  5.92  5.92  8.42 

Velocity 

(10«cm/sec)  +0.5  +0.5  ±0.5  ±0.5  ±0.5 


HF  Amp  0.1861  0.0782  0.0585  0.0405  0.0892  0.1042 

(A/W)  ±0.04  ±0.02  ±0.02  ±0.01  ±0.02  ± 


LF  Amp 
(A/W) 


LF  Bandwidth 
(MHz) 


0.1934  0.4157  0.3734  0.1943  0.3288 

±0.02  ±0.04  +0.04  ±0.02  ±0.03  ± 


160.3 

138. 

±  8.0 

±  7. 

Package 

Bandwidth  6.55  6.55  6.55  6.55  6.55 

(GHz)  ±1.05  ±1.05  ±1.05  ±1.05  ±1.05 
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Table  11;  Low-frequency  characteristics  versus  hole  drift  velocity. 


Normalized  Values 


Bias(V) 

V 

p 

f 

p 

HF  Amp 

LF  Amp 

40 

1.000 

1.000 

1.000 

1.0 

25 

0.911 

0.945 

0.856 

0.830 

7.5 

0.641 

0.554 

0.389 

0.491 

Table  12:  LF  Gain  vs  Bias 
Bias 

40  V 
25  V 

7.5  V 

7.5  V 

7.5  V 

7.5  V 


and  Position 

Position 

Gain 

+0.60 

3.80 

+0.60 

3.69 

+0.60 

4.80 

-0.40 

1.04 

+0.60 

5.32 

+2.25 

6.38 
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Chapter  V 

Conclusions  and  Recommendations 

Several  major  accomplishments  have  resulted  from  this  work.  From 
this  work  several  conclusions  about  the  performance  and  limitations  of 
msm  detectors  are  made.  Also,  some  recommendations  for  further  study  on 
the  present  msm  design  are  presented.  Finally,  a  new  detector  design  is 
put  forth  that  should  show  some  Improvements  over  the  present  design. 

First,  to  our  knowledge,  the  only  reported  uv-heterodyne  system 
has  been  assembled,  calibrated,  and  tested  out  to  18  GHz.  The  system's 
day-to-day  repeatability  has  a  ±l-db  standard  deviation  in  detector 
output  response.  This  small  error,  when  compared  to  the  40  to  50 -db 
signal,  indicates  that  the  system  is  highly  stable.  Using  computer 
controlled  micropositioners,  detailed  mapping  of  a  detector's  responsive 
area  is  reported  for  the  first  time.  Finally,  this  system  allowed  for 
the  first  very  high  frequency  response,  >20  MHz,  of  any  detector  in  the 
ultraviolet. 

Significant  advances  in  msm  detector  modeling  were  also  made.  The 
responsivity  of  a  msm  detector  under  illumination  by  a  modulated  uv 
point  light  source  has  been  analytically  solved.  The  model  assumes  a 
constant  drift  velocity  for  the  charge  carriers  and  a  well  defined  drift 
path  that  is  independent  of  depth  in  the  crystal.  The  short  penetration 
depth  of  uv  light  into  any  semiconductor  permits  these  approximations . 

An  analytical  solution  for  the  charge  density,  as  a  function  of  time  and 
space,  for  an  impulse  of  light  has  been  previously  reported.^  However, 
calculating  the  current  in  the  external  circuit  from  this  charge  density 
cannot  be  done  in  closed  form.  However,  by  working  in  the  frequency 
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domain,  this  work  has  led  to  a  closed  form  analytical  solution  for  the 
current  in  the  external  circuit  due  to  a  uv  point  source  located 
somewhere  inside  the  gap  region  of  a  msm  detector.  This  theory  may  lend 
itself  to  longer  wavelengths  by  using  numerical  techniques  to  sum 
several  currents  with  different  charge  carrier  drift  velocities  and  path 
lengths,  depending  upon  the  depth  inside  of  the  semiconductor. 

For  uv  wavelengths,  the  model  does  appear  to  adequately  predict 
detector  behavior.  The  model  predicts  that  a  4. 5 -pm  wide  msm  photodiode 
has  a  -3-db  point  of  approximately  21  GHz  at  30-V  bias.  A  1-pm  wide 
detector  under  a  6.7-V  bias  is  predicted  to  have  a  75-GHz  bandwidth. 

The  model,  however,  does  not  include  RC  effects  and  it  is  doubtful  that 
the  present  1.0-pm  detector  design  would  reach  this  predicted  frequency. 

The  theory  was  compared  to  data  for  several  detectors.  The  4.5-pm 
planar  gap  detector  was  tested  extensively.  The  theory  predicted  a 
21-GHz  -3-db  point  for  this  detector  under  a  30-V  bias.  Direct 
comparison  of  theory  and  data  was  obscured  by  the  effects  of  bonding 
wire  inductance  in  the  rf  package.  However,  good  results  were  obtained 
by  including  this  simple  L/R  pole  in  the  theoritical  fit.  It  was  found 
that  the  theory  combined  with  the  inductor  roll-off  matches  the  data 
very  well  out  to  14  GHz.  When  the  18-GHz  bandwidth  of  the  SMA  connector 
was  included,  the  theory  matched  the  data  out  to  18  GHz.  Thus,  these 
measurements  tenatively  support  the  model,  but  limitations  in  the  rf 
packaging  prevented  a  complete  comparison  of  the  model  with  the  data.  A 
relative  check  on  the  viability  of  the  model  was  confirmed  with  the 
response  versus  position  scans.  The  model  does  correctly  predict  the 
change  in  the  high  frequency  response  as  a  function  of  change  in  beam 
position  on  a  4.S-;im  detector  to  within  0.2  (m. 
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Similar  results  could  not  be  obtained  with  the  3.0-^m  detector. 
This  was  due  to  the  large  value  of  the  package  inductance  effectively 
obscuring  the  small  changes  in  R(w)  with  position.  Problems  with 
accurately  locating  the  defined  gap  center  also  caused  the  R(<j)  versus 
position  fits  to  the  model  to  be  questionable  for  the  1.0-/im  detector. 

In  order  to  confirm  the  model  and  probe  for  modifications  in  carrier 
drift  characteristics  near  the  semiconductor  surface,  the  rf  package 
must  be  totally  redesigned.  This  was  unexpected,  since  the  present 
design  is  widely  used  in  high-speed  devices  reported  in  the  literature. 
It  is  encouraging,  though,  chat  with  a  proper  rf  package,  the  msm 
detectors  should  peform  very  well.  The  charge  carriers  near  the  surface 
of  Si  appear  to  behave  as  if  they  were  in  bulk  material.  This  result  is 
new  and  unexpected. 

The  responsivity  curves  of  the  planar  and  interdigitated  detectors 
were  compared.  It  was  found  that  the  dark  current  of  the  interdigitated 
detectors  was  lower  than  for  the  planar-gap  detectors  of  equal  gap 
dimension.  Again,  the  rf -packaging  limitations  precluded  any  direct  rf 
comparisons,  but  relative  comparisons  could  be  made.  It  was  found  that 
the  relative  changes  in  R(<*>)  for  changes  in  beam  position  or  detector 
bias  were  lower  for  the  interdigitated  design  than  for  the  planar. 

Also,  the  active  area  of  the  interdigitated  detectors  was  more  unifrom 
and  less  sensitive  to  changes  in  detector  bias  than  the  planar 
detectors.  In  light  of  the  detector  model,  this  implies  that  the 
average  drift  velocities  of  the  charge  carriers  were  higher  in  the 
interdigitated,  than  in  the  planar,  detectors.  To  achieve  these  higher 
velocities  the  average  electric  field  strength  must  be  higher.  The 
source  for  this  enhanced  field,  since  nearly  identical  biases  were  used, 
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is  the  existence  of  more  comers  on  the  electrodes  of  the  interdigitated 
detectors,  than  on  the  planar. 

Confirmation  that  the  responsivity  is  higher  around  the  corners  on 
the  electrodes  was  seen  in  the  responsivity  maps  of  the  detector 
surface.  These  highly  detailed  maps  show  definite  areas  of  high 
responsivity  located  near  the  comers  of  the  electrodes  in  both  the 
interdigitated  and  the  planar  detectors.  These  map?  r-lsc  showed  that 
the  large  d.c.  responsive  area  decreased  in  size  at  rf  frequencies.  The 
planar  detectors  showed  a  decrease  in  active  area  between  1  GHz  and  9 
GHz,  while  the  interdigitated  detector's  responsive  area  remained  nearly 
constant.  This  is  consistent  with  the  hypothesis  that  the  additional 
corners  in  an  interdigitated  device  causes  higher  electric  fields,  hence 
higher  drift  velocities,  than  in  a  planar  device. 

Contrary  to  this  result,  however,  is  the  d.c.  dark  current 
behavior  of  the  interdigitated  detectors.  Without  exception,  the 
Interdigitated  detectors  tested  had  lower  dark  currents  than  their 
planar  counterparts.  This  result  is  not  understood  at  this  time  and 
should  be  the  subject  of  further  investigation. 

Moving  away  from  the  gap  region,  another  interesting  result  is 
seen  at  the  edges  of  the  cathode  bonding  pad.  A  region  of  higher 
responsivity,  with  respect  to  its  surroundings,  is  seen  along  this  edge. 
The  response  is  present  even  out  to  9  GHz  for  the  higher  biases. 
Apparently  the  SiOj  dielectric  layer,  used  to  isolate  these  pads  from 
the  Si,  is  not  thick  enough.  Obviously,  some  of  the  photo -generated 
charge  can  tunnel  through  the  dielectric  to  reach  the  pad.  Therefore, 
it  is  clear  that  this  insulating  layer  must  be  thicker. 
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The  low-frequency  gain  seen  in  all  msm  photodiodes  was  analyzed 
next.  It  was  found  that  an  apparent  relationship  between  the  bandwidth 
of  the  gain  mechanism  and  the  drift  velocity  of  the  holes  exists.  It 
was  also  found  that  the  gain  amplitude  was  related  to  the  hole  transit 
time.  Increasing  the  hole  transit  time  by  either  lowering  the  bias,  or 
moving  the  beam  further  away  from  the  cathode,  Increased  the  gain. 

The  final  detector  tested  was  a  msm  photodide  on  GaAs .  However, 
both  d.c.  and  rf  photoresponse  decreased  with  time,  thus  making  this  an 
unsuitable  photodetector.  This  degradation  is  assumed  to  be  related  to 
the  degradation  of  the  surface  photoluminesence  of  GaAs  under  visible 
laser  irradiation. 

Several  areas  of  additional  study  are  suggested  by  the  results  of 
this  work.  First,  and  foremost,  the  redesign  of  the  rf  package  must  be 
accomplished  in  order  to  definitively  test  the  model  against  detector 
performance . 

Assuming  that  the  high  frequency  model  is  accurate,  the  low- 
frequency  gain  mechanism  should  be  studied  more  extensively.  If  this 
mechanism  is  similar  to  photoconductive  gain,  then  the  bandwidth  will 
not  depend  upon  detector  gap  dimension,  but  only  recombination.  This 
does  not  appear  to  be  the  case,  but  the  variable  and  uncontrolled 
inductance  of  the  rf  package  does  raise  some  difficulties.  The  true 
limiting  mechanism  must  be  found,  be  it  hole  transit  time  or 
recombination  time  limited.  The  gain  amplitude  does  appear  to  be 
related  to  the  hole  transit  time.  If  so,  then  a  detector  with  a  higher 
barrier  should  have  a  smaller  gain  since  the  photoconductivity  would  be 
lower  with  a  less  leaky  (more  resistive)  diode. 
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Finally,  an  improved  msm  detector  design  is  presented.  The  model 
in  Chapter  II  is  based  on  the  premise  that  the  charge  carrier  drift 
velocities  are  constant.  Also,  the  distance  traveled  by  a  charge  was 
assumed  to  be  constant.  Under  high  biases  and  uv  illumination,  these 
assumptions  are  valid.  However,  changing  to  a  mesa  design  would 
eliminate  the  need  for  the  uv- Illumination  restriction.  The  mesa  design 
is  shown  in  Figure  5-1.  A  small  mesa  is  etched  into  the  silicon  and  Ni 
Schottky  diodes  are  laid  down  on  the  side  walls,  and  on  top  of  an  SiO, 
insulating  layer.  Gold  bonding  pads  are  then  laid  down  on  top  of  the  Ni 
contacts.  Light  enters  into  the  Si  parallel  to  and  between  the  Ni 
contacts.  The  advantage  of  this  design  is  two  fold.  First,  the 
geometry  of  the  applied  electric  field  is  much  simpler  and  an  analytic 
expression  has  previously  been  obtained  for  this  field.  Secondly,  the 
field  strength  is  constant  as  a  function  of  depth  in  the  semiconductor. 
This  implies  that  this  design  should  work  as  well,  or  better,  at  near  IR 
wavelengths  than  it  would  at  uv.  The  planar  photodiodes  probably  do  not 
have  this  property.  In  a  planar  msm  device,  the  deeper  into  the 
semiconductor  an  electron-hole  pair  is  produced,  the  farther  they  have 
to  travel  to  their  respective  electrodes.  The  electric  field  strength 
also  decreases  with  depth,  further  increasing  the  transit  time  of  the 
charges.  With  the  mesa  design,  the  distance  traveled  by  a  charge  is 
independent  of  its  depth  in  the  crystal,  as  is  the  electric  field 
strength.  The  model  derived  in  this  work  will  be  an  even  better 
description  of  the  mesa  structure  photodiode.  At  IR  wavelengths,  the 
diffusion  of  the  photo -generated  carriers  is  less  than  for  uv  because  of 
the  longer  penetration  depth  in  either  detector.  Hence,  the  mesa  device 
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might  have  a  better  rf  quantum  efficiency  at  IR  wavelengths  than  in  the 
uv. 

In  conclusion,  several  significant  advances  in  the  state  of  the 
art  of  msm  photodiodes  have  been  made.  A  detailed,  microscopic  model 
for  the  detector  response  has  been  derived  and  tested.  A  unique  uv 
heterodyne  system  has  been  built  and  calibrated.  Several  detectors  were 
tested  and  compared  to  theory.  The  limitations  in  the  high  frequency 
response  of  these  detectors  lies  with  the  rf  package,  and  not  with  the 
detectors  themselves.  The  rf  package  design  was  a  standard  one  used  by 
many  researchers  in  this  area.  Given  a  properly  designed  rf  package,  a 
4.5-^im  gap,  21-GHz  bandwidth  detector,  fabricated  on  bulk  Si,  with  a  30% 
quantum  efficiency  appears  feasible.  The  model  predicts  that  a  1.0-Mn> 
gap  device  would  have  a  75 -GHz  bandwidth  with  a  compatible  quantum 
efficiency.  This  result  is  a  truly  remarkable,  totally  unexpected,  and 
most  important  result  of  this  work. 
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Figure  55.  Proposed  Mesa  MSM  Photodiode  Design,  End  View. 
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Appendix  I. 

Fhotoconductor  or  Photodiode? 

During  the  course  of  this  work,  the  question  of  whether  reported 
detector  is  a  photoconductor  or  a  photodiode  arose  several  times.  The 
source  of  confusion  is  that  a  given  type,  or  geometry,  detector  was 
reported  both  as  a  photodiode  and  as  a  photoconductor  by  different 
authors.  (Sometimes  by  the  same  author  at  different  times)  As  an 
example,  it  was  found  that  msm  structures  were  reported  as  being 
photoconductors  or  as  photodiodes,  depending  upon  the  author.  Some 
confusion  appears  to  exist  as  to  what  makes  a  certain  detector  a 
photoconductor  or  a  photodiode.  A  photoconductive  msm  structure  must 
function  as  a  resistor  in  the  circuit.  However,  several  sources  were 
found  where  metal  Schottky  contacts  were  laid  down  on  a  semiconductor  to 
form  the  photoconductor.  Schottky  contacts,  if  unannealed,  are 
rectifying  structures  and  it  appears  that  the  reported  detector  is 
really  a  photodiode.  In  many  cases  the  author's  reporting  left  much  for 
the  reader  to  assume.  Some  articles  just  reported  that  A1  on  Si 
contacts  were  made,  assuming  that  the  reader  would  realize  that  Al  can 
easily  make  ohmic  contacts  on  Si.  However,  the  mention  of  the  necessary 
thermal  annealing  of  the  Al  into  the  Si  to  foinn  the  ohmic  contacts  was 
omitted.  Other  times,  the  detector  made  had  one  true  rectifying 
Schottky  contact  and  one  ohmic.  Then,  by  forward  biasing  the  rectifying 
contact,  a  true  photoconductor  was  produced.  However,  the  fact  that  the 
second  metal  contact  was  ohmic  was  unclear. 

Another  closely  related  point  of  confusion,  or  more  precisely  a 
lack  of  rigor,  is  in  the  frequency  response  of  both  photoconductive  and 
photovoltaic  detection.  A  clear  distinction  between  two  types  of 
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detection  was  not  found  in  two  standard  textbooks . ^ *  Also,  a  great 
lack  of  rigor  is  missing  in  the  derivations  found  not  only  in  textbooks , 
but  in  many  journal  articals.  The  difference  between  photoconductive 
and  photovoltaic  detection  is  delineated  here. 

The  simplest  detection  scheme  is  a  photoconductor.  An  incident 
photon  is  absorbed  by  the  detector  and  an  electron-hole  pair  is  created. 
The  motion  of  the  electron  and  hole  sets  up  a  photocurrent  in  the 
external  circuit.  How  the  detector  interacts  with  the  external  circuit 
is  the  key  to  whether  a  detector  is  a  photoconductor  or  a  photodiode. 

The  photoconductive  detector  acts  as  a  resistor  in  series  with  the 
electronics  utilized  to  measure  the  photocurrent  in  the  detector. 
Therefore  the  current  at  any  point  inside  of  the  photoconductive 
detector  is  equal  to  the  current  in  the  external  circuit,  taking  into 
account  some  propagation  time. 

This  is  not  the  case  in  a  photovoltaic  detector  such  as  a 
photodiode.  Photovoltaic  detection  is  where  a  photon  creates  a  free 
electron-hole  pair  in  a  region  where  no  free  charge  previously  existed. 
The  motion  of  this  charge  creates  a  time  varying  electric  field  at  the 
electrodes  of  the  detector.  Therefore,  all  of  the  charge  moving  in  the 
region  between  the  electrodes  at  any  one  time  affects  the  current  in  the 
external  circuit.  The  photodiode  acts  as  a  capacitor  in  series  with  the 
external  electronics. 

A  rigorous  treatment  from  first  principles  for  the  detector 
response  of  an  ideal  msm  photodiode  was  presented  in  Chapter  II  of  this 
work.  As  with  photodiodes,  the  derivations  of  detector  response  in 
photoconductors  found  in  the  open  literature  was  incomplete.  Kingston* 
and  Yariv^  both  derive  the  photoconductive  response  from  a  rate  equation 


and  arrive  at  the  same  conclusions.  This  technique  is  the  standard 
photoconductor  calculation  found  in  the  literature.  In  all  cases  the 
calculation  starts  with  the  equation  of  continuity, 


7.J  +  dp/dt  -  G  -  R 


(Al) 


where  G  and  R  are  the  generation  rate  due  to  the  incident  photons  and 
the  recombination  rate  of  the  free  carrier,  respectively.  The  next  step 
is  to  invoke  steady  state  conditions  and  knowing  G,  and  assuming  the  R 
has  the  form  of  the  charge  density  divided  by  the  carrier  lifetime,  they 
solve  for  the  steady  state  charge  density.  Finally,  the  illumating 
light  is  turned  of  and  assuming  that  R  -  p/t,  the  charge  density  as  a 
function  of  time  is  solved  for,  resulting  in  an  impulse  response  of 


i  - 


-t/f 
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The  frequency  response  of  the  detector  is  found  by  taking  the  Fourier 
transform  of  the  impulse  response  resulting  in 
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where,  u  is  the  drift  velocity  of  the  carrier  and  2Xj.  is  the  spacing 
between  the  ohmic  contacts  of  the  photoconductor.  The  value  in 
parenthesis  is  the  photoconductive  gain.  The  frequency  response  is  seen 
to  drop  off  as  a  simple  pole  with  a  bandwidth,  fp,  as 
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and  from  this  bandwidth  and  the  photoconductive  gain,  it  Is  seen  that 
the  gain-bandwidth  product  is  a  constant  for  a  given  drift  velocity  and 
contact  spacing.  Hence,  by  shortening  the  lifetime  of  the  carriers,  the 
bandwidth  may  be  increased,  but  only  at  the  expense  of  the  gain.  This 
does  not  imply  that,  for  a  given  detector,  the  gain-bandwidth  product 
will  always  be  constant.  For  a  given  detector  the  only  constant  is  the 
bandwidth.  However,  for  two  detectors  with  identical  contact  spacing 
and  drift  velocities,  the  gain-bandwidth  product  is  a  constant  since  the 
lifetime  of  the  carriers  cancel  out.  Therefore,  the  bandwidth  of  a 
given  single  detector  is  a  constant  and  independent  of  bias.  Lowering 
the  bias,  which  lowers  the  gain,  does  not  result  in  an  improved 
bandwidth , 

The  frequency  response  derived  above  was  made  using  a  simple 
steady-state  argviment  based  on  Eqn  Al  without  the  details  of  J  and  p 
distributions.  A  more  rigorous  derivation  is  now  presented.  First,  a 
one  dimensional  non-diffusion  model  is  used  in  order  that  a  direct 
comparison  with  the  previous  theory  can  be  made.  The  charge  density  in 
a  semiconductor  due  to  a  modulated  light  source  was  derived  in  Chapter 
II.  A  simple  modification  to  include  recombination  can  be  made  to  Eqn. 
45.  Then,  following  the  same  steps  to  arrive  at  the  charge  density, 
given  by  Eqn  49,  gives  the  charge  density  with  recombination,  but  not 
diffusion.  Included.  The  complex  current,  i' ,  which  is  equal  to  the 
current  density  in  one -dimens ion,  is  then  given  by 


i'  -  up  - 
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exp{-(x-x^)/ur)exp( -iw(x-x^)/v) 
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In  a  photoconductor,  continuity  of  current  demands  a  constant  current 
equal  to  the  current  in  the  external  circuit.  Hence,  place  the  light 
source  at  -  0  and  evaluate  the  current  at  x  -  0.  By  letting  t  -  0, 
the  initial  current,  i^,  is 

(A6) 

Now,  this  current  exits  the  photoconductor  at  x  -  x^,  which  is  1/2  of 
the  detector  width,  an  additional  charge  then  enters  the  semiconductor 
at  X  -  -Xq.  This  process  continues  with  an  expontial  decay  representing 
the  carrier  recombination.  The  current  then  at  x  -  0  is 


i'  -  io  +  i,  +  .. 
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where 


qijP 


i^  “  -  exp{ -n2Xg/ur  )exp( -iwn(2Xg/u)  }exp{ -iwn(2*)  ) 


LO 
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where  the  exp{ -2Xjj/ur )  is  the  decrease  .  the  amplitude  of  the  current 
after  traveling  a  total  distance  of  2Xq,  the  detector  width,  due  to 
recombination.  The  exp( -iw(2X|j/u)  )exp{ -iwn(2*)  )  is  the  phase  factor  for 
the  current  after  traveling  around  the  circuit.  The  2Xq/u  is  the  total 
time  to  traverse  the  detector  and  2#  is  the  time  for  a  round  trip  in  the 
external  circuit.  The  total  current  in  the  external  circuit  is  then 
given  by  Eqns  A7  and  A8  which  is  a  geometric  series,  thus  giving  for  the 
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total  current, 
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In  the  low-frequency  region,  the  detector  length,  2x^,  is  much 
less  than  vr .  Also,  w2Xg  «  u,  and  assuming  *  is  small,  the  exponentials 
can  be  expanded,  keeping  only  the  first  terms 

q»jP 
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which  gives,  assuming  4-0, 
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which  is  exactly  the  expression  that  both  Kingston  and  Yariv  derived  for 
a  photoconductor!  It  is  clearly  seen  that,  in  the  low-frequency  limit, 
Eqn  A9  reduces  to  the  form  previously  derived  by  the  simple  steady- state 
argument  given  by  Eqn  A3.  However,  Eqn  A9  also  shows  that  the 
photoconductor  will  have  a  high-frequency  response  when  the  phase  term 
goes  to  an  Integral  value  of  2ir,  This  corresponds  to  all  of  the 
sinusoidal  currents  adding  in  phase,  producing  a  resonance  condition  in 
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the  detector  and  external  circuit.  The  condition  for  this  resonance  is 


n2jr  -  2w{(Xq/u)  +  4) 

which  implies  that  the  resonance  frequency,  fj^,  is 

n 

{(2Xj/u)  +  2*) 
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which  is  integral  multiples  of  one  over  the  round  trip  time  for  the 
current.  For  example,  consider  a  Si  photoconductor  with  2Xg  -  1  /zm. 
Assume  a  bias  sufficient  to  produce  u  -  5  x  10®  cm/sec  and  a  nominal 
recombination  time  for  bulk  Si  of  10**  sec.  Eqn  (A8)  predicts  that  the 
-3  db  point  would  be  at  approximately  280  Hz,  and  that  the  frequency 
response  would  continue  to  roll-off  at  -10  db  per  decade  increase  in 
frequency.  However,  if  #  -  0,  which  implies  an  infinite  speed  of  light 
in  the  external  circuit  (i.e.  an  ideal  circuit),  then  the  first 
resonance  should  occur  at  50  GHz  and  have  the  same  amplitude  as  the  d.c. 
photocurrent.  This  high  amplitude,  however,  will  not  be  seen  since  the 
external  circuit  will  have  considerably  more  loss  at  50  GHz  than  it  will 
at  d.c.  Diffusion,  RC,  L/R  and  other  detector  parameters  will  also 
cause  the  frequency  response  to  fall  off  and  this  fast  resonance  will 
probably  not  be  seen. 

The  problem  of  a  leaky  photodiode  detector  is  now  addressed. 
Virtually  every  report  of  msm  photodiodes  has  commented  on  an  enhanced- 
low- frequency  response  over  that  at  high  frequency.  This  enhanced- low- 
frequency  behavior  is  evident  in  the  R(w)  data  previously  presented  in 
this  work.  The  effect  has  not,  until  now,  been  successfully  explained. 
Many  conjectures  have  been  put  forth,  but  no  satisfactory  identification 
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of  this  mechanism  have  been  made.  Here,  a  partial  explanation  of  this 
enhanced- low* frequency  behavior  Is  attempted. 

The  barriers  of  an  Ideal  photodiode  are  sufficiently  high,  under 
reverse  bias  conditions,  such  that  there  Is  no  leakage  current.  Real 
diodes,  however,  have  some  leakage  current  associated  with  them.  Any 
current  traveling  around  the  external  circuit  will  eventually  arrive  at 
one  of  the  diode  junctions  In  an  msm  device.  The  leaky  nature  of  the 
diode  barrier  should  allow  a  small  fraction,  T,  of  this  current  through 
the  barrier  back  Into  the  depletion  region  of  the  msm  photodiode.  This 
appears  to  be  somewhat  slmlllar  to  the  photoconductor,  except  that  this 
device  has  a  reduction  In  the  current  that  Is  due  to  more  than 
recombination.  Also,  the  device  Is  still  working  as  a  photovoltaic 
device.  Implying  that  the  space  average  current  In  the  depletion  region 
is  what  is  seen  in  the  external  current,  not  the  current  at  any  given 
point  in  the  semiconductor.  The  space  average  photocurrent,  i^'  ,  can  be 
found  by  setting  t  -  0  and  Integrating  Eqn  A5,  resulting  in 
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which  reduces  to  Eqn  54  in  Chapter  II  when  the  recombination  time  r  goes 
to  infinity.  This  Initial  photocurrent,  1^' ,  is  the  current  in  the 
external  circuit  from  the  Incident  point  source  of  light  located  at 
X  -  x^.  Now,  this  current  travels  around  the  circuit  in  a  time  and 
arrives  at  the  electrode  located  at  x  -  -Xg.  The  leaky  barrier  then 
transmits  a  portion,  T,  back  Into  the  photodiode.  This  acts  as  a  second 
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source  of  current,  but  now  located  at  x  -  -x.,  Instead  of  x  -  x  .  The 
current  due  to  this  leakage  is  given  by  Eqn  A14  with  the  replacement  of 
the  amplitude  qrjP/fiu^  by  the  product  of  T  and  Eqn  A14,  giving  the 
current,  i^' ,  in  the  semiconductor  as  a  function  of  position  as 
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The  current  in  the  external  circuit  due  to  this  leaking  diode, 
again  the  space  average  current  in  the  diode,  thus 
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This  current,  due  to  the  leakage  of  the  original  photocurrent,  again 
travels  through  the  external  circuit  to  arrive  back  at  the  diode  to 
start  the  leakage  process  over  again.  Hence,  the  above  process  is 
repeated  n  times  until  the  current  finally  dies  out.  The  expression  for 
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the  leakage  current  on  its  nth  round  trip,  i  '  ,  can  be  expressed  as 


qf/P  1  -  exp{-(x  -X  )[(l/ur)+(iw/u)]  ) 


t  (l/vr)+(iw/u)  ] 


Te^"*  1  -  exp{-2x.[(l/ur)+(iw/u)]) 


2x-[(l/ur)+(iw/u)] 


(A17) 


and  the  total  current  measured  in  the  external  circuit  is  given  by  the 


summation  of  the  i  's. 
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which  is  a  geometric  series,  giving 
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Notice  that  as  T  approaches  zero,  as  for  an  ideal  photodiode,  that  the 
expression  for  i'  approaches  that  of  an  ideal  photodiode  given  by 
Eqn  A14.  For  the  low-frequency  behavior,  the  exponential  in  the  second 
bracket  term  is  now  expanded  and  the  first  three  terms  are  kept, 


resulting  In 
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The  above  expression  looks  very  much  like  a  photoconductor  with  gain  of 
ur/TXg  and  a  single  pole  roll-off  determined  by  the  recombination  time. 
However,  as  T  goes  to  zero,  the  photodiode  portion  dominates.  As  T  goes 
to  unity,  as  the  case  for  a  photoconductor,  the  photodiode  portion  is 
unchanged,  but  the  photoconductive  nature  of  the  detector  dominates, 
such  that  the  device  behaves  as  an  ideal  photoconductor.  However,  the 
roll-off  of  the  above  equation  is  much  more  seirvere  than  is  actually 
measured  in  an  msm  photodiode.  However,  one  can  see  how  a  transition 
from  a  photodiode  to  a  photoconductor  can  be  made  by  using  a  simple, 
leaky  diode  model. 

In  conclusion,  a  concise  explanation  between  a  photoconductive  and 
photovoltaic  detector  has  been  given.  Shortcomings  in  the  preciseness 
in  the  literature  as  to  why  a  given  detector  is  either  a  photoconductor 
or  a  photovoltaic  device  has  been  shown.  Also,  a  theoretical 
description  in  one -dimension,  without  diffusion,  of  the  frequency 
response  characteristics  of  the  photoconductor  has  been  derived  from 
first  principles  for  the  first  time.  The  results  of  the  calculations 
reduce  to  that  derived  by  a  less  rigorous  rate-equation  argument  which 
is  widely  used.  The  new  model  not  only  predicts  the  low-frequency 
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behavior  of  the  photodiode,  but  also  predicts  the  existence  of  several 
high-frequency  resonances  in  the  detector.  Further  development  of  this 
model  to  Include  diffusion  could,  in  practice,  be  accomplished  by 
identical  steps  as  used  here,  but  starting  with  the  current  given  by 
Eqn  75  in  Chapter  II.  The  generalization  is  left  as  an  exercise  to  the 
reader.  Finally  an  attempt  at  explaining  the  enhanced- low- frequency 
response  of  msm  photodiodes  with  a  simple  leaky  diode  model  was 
attempted  with  only  limited  success. 
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